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ABSTRACT 


This  repoit  presents  (he  results  of  a  concerted  effort  to  strive  at  a  suitable  mathematical 
description  of  human  operator  dynamic  response.  The  investigation  has  been  primarily  concerned  with 
operations  in  which  continuous  ciosedsloop- control  isjtxerted  in  a  •visual  input,  manual  output  tracking 
situation  subjected  to  excitation  by  random  appearing  forcing  functions. 

The  basic  input  to  the  study  was  s  relatively  large  body  of  data  on  human  response  char¬ 
acteristics,  some  available  from  earlier  investigatora  and  some  from  concurrent  experiments.  All  of 
the  data  available,  published  or  unpublished,  were  considered  in  arriving  *t  the  various  descriptions 
of  interest.  Generally  speaking  the  best-designed  and  instrumented  experiments  yield  data  in  two 
pans.  The  first  is  that  portion  of  the  operator  output  response  linearly  coherent  with  his  input  and 
generally  taking  a  describing  function  form  which  involves  amplitude  and  phase  information  as  a 
function  of  frequency.  The  second  is  that  ponion  of  the  operator's  response  not  linearly  coherent  with 
his  input,  the  "remnant”.  This  latter  part,  by  its  basic  nature  must  be  described  by  statistics!  quanti¬ 
ties.  A  portion  of  the  report  is  devoted  to  an  exposition  of  the  mathematical  basts  for  the  models  de¬ 
rived  and  measurements  taken,  and  possible  sources  of  the  remnant. 

All  of  the  quasi-linear  describing  function  data  obtained,  including  some  presented  for  the 
first  time,  were  curve-fitted  to  yield  simple  mathematical  expressions  which  arc  descriptive  of  the 
linear  ponion  of  the  operator's  response  for  varying  machine  dynamics  and  forcing  functions.  The 
available  remnant  data  statistics  ste  correlated  with  task  difficulty  and  an  attempt  ia  made  to  "ex¬ 
plain"  the  remnant  in  terms  of  three  logically  distinct  sources,  each  resulting  In  equivalent  operator 
output  power .  ftn  >h»  basis  of  these  correlations  and  explanations  it  appears  possible  to  define  math¬ 
ematically,  within  limits,  the  dynamic  behavior  of  the  operator  for  the  class  of  larks  considered.  The 
definition  becomes  increasingly  questionable  as  the  demands  of  the  tasks  increase.  The  simple  tasks 
can  further  be  used  to  define  a  "preferred"  operator  describing  function  form  so  that  definitive  criteria 
for  the  improvement  of  a  man-controlled  machine  is  established. 
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DYNAMIC  RESPONSE  OF  HUMAN  OPERATORS 


INTRODUCTION  r  .  .  • 

PROJECT  BACKGROUND  - ;  - 

Ac  the  present  time  the  Aeromedicai  and  Flight  Control  Laboratories  are  sponsoring  a  series  of  coordi¬ 
nated  contracts  with  the  Franklin  Institute,  Princeton  University  and  Control  Specialists,  Inc,  aimed  at  the  gathering 
of  human  response  data  and  the  application  of  these  data  to  aircraft  design.  The  overall  task  can  be  divided  con¬ 
veniently  into  three  logically  consecutive  phases  which  outline  the  specific  areas  of  activity  engaged  in  by  the 
three  contractors. 

(1)  The  development  of  measurement  concepts,  and  the  design  of  experimental  procedures,  simulator 
and  data  reduction  equipment,  etc.,  and  their  application  to  the  direct  measurement  of  human  response 
characteristics  in  ground  based  simulators.  This  activity,  together  with  human  response  data-reduction 
for  the  entire  program,  is  performed  by  the  Franklin  Institute  under  Contract  AF  33(616)-2804.  In  terms 
of  the  overall  program,  the  fundamental  research  result  from  Franklin  is  an  indication  of  what  pilots  do 
in  n  ground  simulator  environment. 

(2)  The  design  of  experimental  procedures,  simulator  and  flight  test  equipment,  etc.,  and  their  applica¬ 
tion  to  ihc  direct  measurement  of  human  response  characteristics  in  the  uir  and  on  the  ground.  This 
phase  is  performed  by  Princeton  University  under  Contract  AF  33(A)  A)- 2506.  The  basic  research  result 
is  expected  to  be  an  indication  of  the  differences  in  pilot  behavior  on  the  ground  and  in  the  air. 

(3)  The  compilation,  correlation,  and  codification  of  human  response  data,  including  pertinent  handling 
quality  information,  and  the  analytical  application  of  these  correlated  data  (or  their  logical  extension), 
to  aircraft  design.  This  phase  is  performed  by  Control  Specialists,  Inc.  under  Contract  AF  33(616)-30B0. 

The  fundamental  research  results  ate  expected  to  be: 

a.  A  summary  and  engineering  evaluation  of  available  human  operator  data  resulting  in 
applicable  mathematical  or  analog  descriptions  representing  the  pilot  as  a  system  element. 

b.  A  compilation  of  pertinent  handling  quality  and  pilot  opinion  data  obtained  from  airframe- 
pilot  flight  studies,  and  an  attempt  to  correlate  these  data  with  the  operator  models  derived 
above. 

c.  The  development  and  assessment  of  practical  engineering  methods  employing  these 
human  response  data  to  pilot- airframe  systems. 

This  report  presents  both  the  results  achieved  by  Control  Specialists  in  item  3-s  ibove,  and  some  of  the  results 
achieved  by  the  Franklin  Institute  to  date. 

From  the  outset,  the  overall  Air  Force  program  has  been  predicated  on  the  importance  of  the  pilot  as  a 
'•uminunus  dosed  loop  control  device  in  the  pilct-airframe  system.  The  original  emphasis  on  ground  simulation  did 
not  imply  that  the  pilot  responded  to  visual  inputs  only,  but  rather  that  such  inputs  were  most  important  for  the 
tracking  tasks  under  study,  A  validating  flight  test  program  to  determine  che  effects  of  added  inputs  due  to  accel¬ 
eration  and  orientation  changes  during  flight,  and  the  effect  of  an  actual  versus  simulated  environment  on  the  pilot's 
control  characteristics  was  envisioned  from  the  very  beginning.  This  report  deals,  except  for  one  minor  exception, 
with  tracking  tasks  for  which  the  inputs  to  the  man  are  visual  only.  The  following  practical  examples  of  pilot  tasks, 
which  can  be  called  tracking,  will  make  out  reasons  fot  emphasizing  the  visual  input  channel  more  obvious: 

e.  aspects  of  the  collision  type  courses  flown  in  rocketry  and  approach  situations 
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b.  pursuit  courses  flown  in  gunnery 

c.  "constant  range"  ttacking  in  formation  flying  _  ~~ 

d.  “infinite  range”  tracking  which  approximates  in  mBny4gstgncgs  suclyiorrnaTrfilgfe  i~~~-  -,-f  ■  •  . 
stabilization  and  control  problems  as  rough  weather  flying;  horizontal  turn ^tribsand -  —  "• 

so  forth. 


The  foregoing  casks  are  all  characterized  by  the  fact  that  they  may  be  difficult  to  perforin,  especially 
when  externally  applied  inputs  may  be  tending  to  drive  the  aircraft  from  the  desired  course.  In  some  of  these  situ¬ 
ations  the  pilot  is  extended  to  his  limits  of  performance,  hence  it  becomes  necessary  to  examine  the  other  compon¬ 
ents  of  the  pilot-aircraft  system  in  search  of  possible  techniques  to  compensate  for  deteriorating  manual  performance, 

This  compensation  directed  toward  the  improvement  of  the  pilot-aircraft  system  would  proceed  as  follows 
To  begin  with,  a  criterion  or  criteria  of  system  performance  would  have  to  be  specified.  Then  one  of  two  procedures 
could  be  followed: 

1.  Theoretical 

The  various  system  elements  and  their  interrelations  could  be  described  by  some  compatible  mathematical 
scheme.  Then  knowing  which  elements  and  interrelations  wouid  permit  modification,  the  system  could 
be  redesigned  about  the  fixed  characteristics  to  approach  or  equal  the  specified  optimal  performance. 

In  the  problem  of  the  pilot-aircraft  system  the  straightforward  mathematical  scheme  to  apply  is  linear 
servomechanism  theory.  Consequently  the  key  problem  in  this  approach  is  to  determine  the  feasibility 
and  then  the  description,  if  any,  of  the  key  fixed  element,  the  pilot,  in  terms  of  servo  theory. 

2.  Empirical 

The  system  would  be  set  up,  preferably  in  the  air,  though  possibly  some  aspects  could  be  studied  by 
the  ground  simulation,  and  the  various  components  of  the  system  varied  according  to  some  experimental 
schedule.  As  in  the  theoretical  approach  the  fixed  element,  the  pilot,  is  the  key  problem.  Either  a 
Standard  American  Pilot  must  be  supplied  for  the  tests,  or  an  adequate,  and  presumably  large,  number 
of  pilots  must  test  the  system.  Also,  since  there  is  no  description  of  the  range  and  adaptability  of  the 
pilot's  performance  available,  the  only  way  to  determine  whether  the  pilot  is  tracking  at  the  limit  of  his 
ability  is  to  ask  him. 

It  would  be  extreme  to  claim  that  the  foregoing  dichotomy  is  complete.  In  usual  practice  the  two 
approaches  are  complementary,  although  one  may  be  favored  over  the  other.  The  important  point  about  the  two 
approaches  is  that  they  are  headed  toward  the  same  goal.  Should  they  reach  different  conclusions  about  the  speci¬ 
fications  for  systems  design,  it  will  be  necessary  to  resolve  the  differences  by  a  painstaking  evaluation  of  the 
possible  causes  of  difference. 

In  human  pilot-airframe  systems  studies  these  two  approaches  have  been  roughly  separated  into  human 
dynamics  research,  corresponding  to  the  theoretical  approach,  and  handling  qualities  research,  corresponding  to  the 
empirical  approach.  The  respective  basic  questions  being:  "What  does  a  pilot  do?"  and  "Whiit  does  a  pilot  like?" 

The  question  "What  does  the  pilot  like?"  is  not  always  asked  explicitly  since  excellent  performance  is 
sometimes  interpreted  as  evidence  of  preference,  Actually  a  large  number  of  human  operator  performance,  as  distinct 
from  human  dynamics,  studies  are  empirical  in  the  sense  we  have  described.  Logical  consistency  demands  that  the 
results  oi  studies  applying  human  response  data  to  airframe  pilot  systems  should  be  highly  correlated  with  handling 
quality  tests.  Since  handling  qualities  tests  involve  rankings  and  questionnaire  analyses  these  correlations  may  be 
qualitative.  If  this  correlation  is  not  forthcoming,  the  entire  sequence  of  human  pilot  research  (including  portions 
of  many  of  the  ground  simulator-display-operator  systems  programs)  will  have  little  value  in  the  design  of  servo 
systems  composed  of  the  airframe-pilot  combination;  since  pilots,  not  engineers  or  psychologists,  are  the  final 
judges  of  aircraft  handling  qualities. 

At  the  outset  of  C.S.I.'s  program  there  had  been  no  extensive  attempt  to  correlate  the  mass  of  existing 
human  operator  response  data  with  the  even  more  massive  flying  quality  data,  although  valuable  work  had  been  done 
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in  limited  and  specific  areas. 
C.S.I.’s  effort. 


Therefore,  such  a  correlation  was  considered  to  be  an  extremely  important  part  of 


Before  the  data  obtained  in  the  handling  qualities  and  operator  response-fields  could  be  compared, -dt  ■ 
was  necessary  to  codify,  correlate  fad  summarize  the  information  within  each  area-. 

not  as  awejoruc  as  U  might  have  been,  as  previous,  workers,  had  already ;made  ezceJfentjtag^^Cid|a!|ii'^^^^;j?';^ 
larly  true  in  the  handling  qualities  field,  where  flight  expcrienecalong  patticular  lines  is  almbst’invarjahiy  coin-— r-—  ’ 

pared  with  the  results  of  other  efforts,  In  the  human  response  measurement  field  some  codification  nnd  summaries - 

existed,  but  little  work  had  been  done  on  showing  the  computability  of  data  from  diverse  sources. 


It  wa>.  therefore  decided  that  C.S.I.'s  efforts  would  be  programmed  as  follows: 

(1)  Summarize  and  attempt  to  correlate  the  various  human  response  studies  available. 

(2)  Compile,  and  attempt  to  correlate,  pertinent  handling-quality  and  pilot  npinion  data  obtained  from 
airframe-pilot  system  flight  studies. 


(3*  Attempt  to  correlate  the  data  and  hypothesis  of  (1)  with  the  consequences  of  (2). 


(4)  Finally,  if  (3)  was  reasonably  successful,  apply  the  human  response  data  to  pilot-airframe  design 
problems.  This  final  item  was  considered  to  be  a  meaningful  (assuming  success  on  item  3),  and 
relatively  simple  servo  analysis  problem. 


At  the  present  time  a  major  portion  of  the  work  involved  in  summarizing  and  correlating  the  individual 
fields  of  human  response  and  handling  quality  items  has  been  accomplished,  though  only  the  first  is  documented 
here. 


DESCRIPTION  OF  THE  HUMAN  OPERATOR 

Many  agencies  and  individuals,  both  in  the  USA  and  abroad,  have  contributed  substantially  to  the  state 
nf  knowledge  of  human  response  characteristics.  In  most  instances,  however,  their  data  have  not  heen  compared, 
since  different  means  were  used  ro  determine  the  response  data,  different  tasks  were  set  for  the  operator,  different 
operator  inputs  were  utilized,  only  small  populations  were  studied,  anJ  the  data  were  presented  in  different  forms. 

A  cursory  review  of  the  situation  indicates  that,  even  though  the  data  are  as  yet  statistically  insufficient,  reasonable 
comparability  may  be  found  between  the  results;  and  some  generalizations  about  human  behavior  in  particular  tasks 
can  be  hypothesized. 

The  type  of  human  response  measurements  of  most  concern  to  this  program  arc  those  involved  in  closed 
loop  control  tasks  yielding  pilots'  transfer  characteristics  for  particular  routine  functions,  such  as  stabilization  and 
tracking.  A  unique  transfer  characteristic  for  even  these  simple  tasks  cannot  be  expected,  since  a  formal  descrip¬ 
tion  of  the  pilot  will  depend  upon  at  least  the  following  factors: 

(1)  The  characteristics  of  the  controlled  elements.  (The  operator,  to  be  successful,  must  adapt  his 
transfer  characteristics  to  that  form  required  for  adequate  stability  and  performance.) 

(2)  T h'  - vrt  -ular  type  of  input  imposed  and  its  degree  of  predictability. 

(3)  The  actual  individual  reaction  times,  thresholds,  etc.,  of  the  human  during  the  particular  operation. 

(There  are  variations  hetween  one  individual  and  another,  which  depend  oft  the  populations  sampled, 
and  even  with  a  single  individual  at  various  times.  Any  proposed  set  of  transfer  characteristics  would 
certainly  have  to  allow  for  individual  differences.) 

(4)  The  motivation,  attention,  previous  training,  and  genera!  psychological  and  physiological  condition 
of  the  human  at  the  time  of  the  operation. 

From  these  considerations,  it  is  clear  that  our  hypothetical  mathematical  model  must  be  able  to  describe  a  mechanism 
which: 

a.  adapts  itself  in  some  way  as  a  function  of  the  inputs  imposed  and  elements  controlled, 

b.  may  have  fairly  wide  individual  variations  in  the  parameters  adopted. 
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C.  is  capable  of  inanipuiarion  to  sn:ertAiii  es-te-'m  euher  by  training  or  at  the 
operator's  volition. 

At  present  the  individual  differcnces-in  panmeters  mast  be  largely  ignfiredgsincfl  there  are  few  data  iyqu»  dealing., 
with  reasonable  populations.  Similarly  wo-vill-be  ^ahfe  to. say.  very  little  about  the  efificts  of  rjotlvationj  attention,' 
and  training.  Tlje  adaptability  ^the  transfer  characteristics  to  hMhjnputa  aml  cpl'tMfe^”ofefno35  'is  a*d0fe®‘ii| 
matte:,  and  is  used  here  as  a  basis  of  classifying  past  experiments,  - 

The  technique  lot  achieving  useful-transfer  characteristics  must  account  for  the  following.  'Firstly,'  in 
order  to  be  readily  applicable,  the  transfer  characteristic  must  be  linearized,  and  secondly,  this  characteristic  must 
be  generalizable  beyond  the  measuring  experiment.  Since  it  is  the  verdict  of  past  experimenters  ihat.the  human 
operator  is  nonlinear  to  some  extent  in  any  given  task,  the  foregoing  present  problems  of  central  importance.  This 
report  discusses  two  approaches  to  these  problems: 

a.  a  linearized  transfer  function  plus  a  remnant  not  derivable  from  the  input  by 
any  linear  operation 

h.  the  use  of  analog  computer  elements  to  construct  the  model. 


The  generalizability  of  the  measurements,  always  a  problem  with  nonlinearities,  is  approached  by  using 
whs;  is  essentially  a  very  general  sort  of  input  function.  The  direct  attack  using  a  nonlinear  model  has  yet  to  be 
successfully  applied  to  continuous  closed  loop  human  operator  tracking. 

To  have  a  complete  picture  of  the  operator  from  a  pure  performance  standpoint,  we  need  to  know  the 
answers  co  two  questions.  The  first  is: 

o.  In  a  given  situation  how  wilt  the  operator  perform? 

b.  From  n  performance  standpoint  is  there  anything  to  be  gained  fcv  bavins  the 
operator  perform  in  some  specified  way? 

Partial  answers  are  given  to  both  of  these  questions  in  this  report.  The  fiist  is  answered  by  the  use  of  an  adaptive- 
optimalizing  model  developed  to  be  consistent  with  all  of  the  available  data.  This  model  can  be  used,  with  caution, 
for  stability  and  limited  performance  predictions  of  manual  control  systems.  The  second  question  is  answered  by 
defining  the  preferred  operator  form  and,  in  a  restricted  sense,  the  human’s  response  when  operating  with  this  form. 


GENERAL  ORGANIZATION  ANO  BRIEF  5'JMMARV  OF  THE  REPORT 

While  the  report  has  a  total  of  eleven  sections,  it  can  be  divided  more  generally  into  three  major  parts. 
The  first  part  (Sections  MU)  is  primarily  background  information  to  give  the  reader  a  general  idea  of  the  types  of 
manual  control  systems  of  interest  here,  a  comprehension  of  the  historical  background  of  human  dynamics  research, 
and  a  feeling  for  the  mathematical  models  and  techniques  required  co  describe  the  human  operator  adequately. 

The  summary  conclusions  of  the  first  part  of  this  report  are: 

s.  There  are  reasons  to  hope  that  a  linearized  transfer  function,  i.e.,  describing 
function,  can  be  found  to  characterize  manual  tracking. 

b.  Gaussian  input  signals  are  the  "appropriate"  inputs  to  be  used  in  obtaining 
describing  functions  from  human  operators.  In  practice,  random  appearing  inputs 
are  adequate. 

c.  The  linear  correlation  between  tbe  cracker's  input  and  output,  obtained  as  a 
function  of  frequency,  is  a  crucial  quantity  since  it  determines  the  magnitude  of 
the  remnant  term. 

d.  The  remnant  may  be  described  by  various  theories.  Although  it  is  probable 

-  -  that  the  remnant  arises  from  a  combination  of  sources,  it  is  impossible  to  ot com¬ 
pose  a  measured  remnant  into  components  which  may  be  assigned  to  specific 
sources. 
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The  second  pan  (Sections  IV-VIII)  constitutes  a  detailed  summary  of  all  the  presently  available  tclevant- 
human  dynamic  response  data  measured  under  conditions  such  that  only  an  error  signal  v»as  displAycd^and  ndr* 
tailed  examination  and  attempted  explanation  of  these  data  in  ternis  of^various  mathematioal  niodels.  The-first-step—'S 
of  importance  taken  in  these  sections  is  the  organisation  of  the  data  of  Yadouxcxpcrimcntcrsintba  commohformy 
This  is  followed  by  the  development  of  approximate  analytical ''tM&eUHib  fit'  die  data.'  Fjinallvi^iifi^atte 
to  interpret  the  data  from  the  individual  sources. "  * 


The  summary  conclusions  of  the  second  major  division  of  this  report-are  as  follows: 


a.  Ic  is  possible,  without  doing  violence  ro  the  data,  to  obtain  describing  functions 
which  are  generally  applicable  to  the  results  of  the  many  diverse  experiments. 

b.  The  magnitude  of  the  remnant  is  directly  proportional  to  the  task  demands. 

The  task  demands,  in  turn,  are  mainly  functions  of  the  input  forcing  function 
and  the  controlled  element's  dynamics. 

c.  Although  motivation,  instruction,  training,  and  so  forth  can  increase  the 
variability  of  describing  function  measurements,  the  differences  in  describing 
functions  due  to  individual  differences  can  be  made  negligible  by  both  training 
and  selection  procedures.  Training  alone  suffices  for  simple  tasks,  whereas  for 
complex  tasks,  such  as  flying  an  aircraft,  selection  of  subjects  is  quite  important. 

d.  The  results  of  analog  computet  simulations  of  the  human  operator  arc  compatible 
with  the  results  of  direct  measurements  of  describing  functions.  Fach  method 
complements  the  other  in  affording  insights  of  the  underlying  process. 


The  third  major  subdivision  of  the  report  (Sections  IX  and  X)  is  concerned  with  attempted  generaliza¬ 
tions  of  the  consequences  of  the  individual  data.  These  generalizations  take  the  foims  of  hypothetical  operator 
models  for  the  tracking  tasks  examined.  These  models  are  in  two  categories  -  a  general  one  attempting  to  provide 
the  analyst  with  a  mathematical  description  of  the  operator  for  various  system  conditions:  and  the  other  a  "preferred 
form"  which  enn  he  used  to  give  the  analyst  an  idea  of  both  the  upper  limit  of  system  performance  and  the  type  of 
modifications  which  would  be  required  to  the  system  to  achieve  this  "optimum"  condition.  By  having  both  of  these 
models,  the  analyst  can  assess  the  performances  of  particulat  system  configurations  and  compare  them  with  a  more 
or  less  theoretical  optimum  which  could  be  obtained  if  system  performance  alone  were  the  sole  design  objective. 
Since  other  factors  are  ofeen  as  important  as  dynamic  performance,  the  designer  must  usually  arrive  at  a  compromise 
based  upon  judgment.  Having  information  of  the  degree  of  performance  degredation,  based  upon  some  theoretical 
(and  practically  obtainable)  optimum,  offers  extremely  valuable  assistance  in  attaining  a  suitable  overall  design 
compromise. 

fn  summary  this  last  major  division  comes  to  the  following  conclusions: 


a.  The  general  operator  model  is  that  of  an  adaptive  and  optimalizing  device. 

I.  adaptive  in  that  input  signals  and  controlled  element  influence  the  choice 
of  parameters 

II.  optimalizing  in  that  parameters  are  adjusted  for  best  performance  consistent 
with  stability  requirements. 

b.  The  preferred  form  of  human  operator  performance  is  one  in  which  no  lead  terms  need  be  generated, 
and  the  operator  may  ot  may  not  act  as  a  smoothing  circuit  with  a  long  time  constant. 

c.  I'li tilier  the  system  should  be  designed  about  the  man  so  that  the  demands  on  him  are  lightened  in 
tbe  sense  of  (b)  must  be  determined  by  overall  considerations  of  logistics,  reliability,  and  so  forth. 


The  final  section  of  the  report  (Section  XI)  is  a  general  summary  of  operator  response  in  pursuit  track¬ 
ing:  e.g.,  tracking  tasks  for  which  both  the  input  and  the  operator’s  response  are  displayed  and  their  difference  is 
the  error  signal.  From  a  logical  standpoint  pursuit  systems  should  be  treated  in  the  same  fashion  as  those  systems 
displaying  errot  only,  or  compensatory  systems,  of  Sections  V  through  X.  Unfortunately,  however,  the  study  of 
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transfer  characteristics  in  pursuit  systems  lias  been  restricted  to  a  very  small  number  of  cases  and  generalizations 
cannot  be  made  based  solely  on  these  data.  We  do  feel  that  pursuit  systems  have  merit  in  many  applications,  so  . 
the  section  has  been  added  to  the  report  for  completeness.  The  conclusions  of  Section  XI  are  that  pursuit-tracking, 
by  allowing  the  operator  to  piediet  and  therefore  decrease  his  phase  lag,  enables  the  operator  to  use  higher  gain. 
The  result  of  this  is  better  dynamic  performance  and  smaller  errors. 
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Section  I 


TYPES  OF  MANUAL  CONTROL  SYSTEMS 

The  behavior  o t  human  beings  as  elements  in  company  with  other  components  of  control  systems  will . 
depend  both  upon  the  capabilities  of  the  human  and  on  the  external  environment.  By  his  ability  to  modify  his  char- 
acteristics  to  match  appropriately  the  many  possible  control  situations,  the  human  must  be  considered  a  unique 
control  system  component.  The  very  fact  of  this  adaptation  makes  description  of  the  operator  enormously  complex 
when  viewed  in  the  large,  and  makes  it  desirable  to  try  to  set  up  some  simplified,  constant  situations  within  which 
one  may  have  some  hope  of  obtaining  a  reasonably  simple  behavioral  model.  — 

In  order  to  deal  with  the  control  situation  with  any  degree  of  confidence,  therefore,  it  is  necessary 
that  the  goals  of  the  controller  and  the  constraints  or  rutes  governing  his  interactions  with  the  system  remain 
reasonably  constant  over  the  duration  of  interest.  Thus  if  we  consider  the  example  of  a  duck  hunter  scanning  a 
flock  of  birds,  each  exciting  his  interest  and  making  him  hesitate  in  indecision  before  aiming  for  a  particular  bird, 
we  have  a  problem  of  resolution  of  purpose  or  goal  orientation.  Similarly,  the  hunter  might  be  assumed  to  have  a 
gun  whose  behavior  was  unknown  to  him,  its  shot  spread,  range,  recoil,  or  accuracy  might  vary  in  an  arbitrary 
manner.  This  type  of  problem  illustrates  an  unfamiliarity  with  the  rules  governing  the  controller's  interactions 
with  Ids  environment  and  his  problem.  In  this  report  we  are  not  interested  in  either  of  the  above  problems.  Our 
emphasis  is  on  that  phase  of  duck  hunting  where  a  reasonably  experienced  hunter  is  leading  a  flying  duck  with  his 
shotgun.  We  want  to  be  able  to  describe  the  hunter’s  dynamic  performance.  We  never  pot  around  to  describing 
duck  hunters,  bur  we  do  attempt  to  describe  the  manual  processes  for  minimizing  visually  perceived  errors  by 
exercising  continuous  control  so  as  to  match  visually  presented  input  and  output  signals.  This  is  what  we  define 
as  tracking.  H’ith  vat  interests  focused  on  tracking,  we  can  now  attempt  to  classify  tracking  problems  for  out  con¬ 
ceptual  convenience.  Our  criteria  for  classification  will  be  based  on  rhe  type  of  information  which  the  stimulus  to 
he  tracked  and  the  controller’s  response  present  to  the  contiollet  us  a  basis  foi  future  Hacking  decisions.  In  appli- 
ention,  these  criteria  result  in  three  limiting  types  of  classifications,  defined  as  follows: 

Pre  cognitive 

This  condition  exists  when  the  operator  has  complete  information  about  the  input’s  future  and  a  stimulus 
can  trigger  off  a  repertory  of  practiced,  properly  sequenced  responses.  In  a  sense,  the  situation  itself 
nuiy  b<  the  stimulus.  Thus  throwing  a  baseball  at  a  target  is  prccognitive  behavior,  as  is  steering  a  car 
out  of  a  skid,  or  navigational  flying  under  VFR  conditions.  The  operator  doesn't  need  to  maintain  a 
frequent  check  on  the  individual  responses  in  a  sequence.  Instead  end  product  responses  are  monitored; 
such  as,  "Did  I  hit  the  target?”,  "Am  I  still  skidding?"  or  "Have  I  passed  over  a  given  fix?”  In  that 
continuous  close  control  is  not  maintained  on  the  perceived  error,  precognilive  behavior  is  not  tracking. 
However,  we  have  included  rhis  behavior  because  occasionally  tracking  approaches  these  conditions. 

One  might  call  ptecognitive  behavior  open  loop  control. 

Pursuit 

In  pursuit  behavior  past  experience  provides  the  tracker  with  information  about  what  to  expect  in  a 
future  input,  but  he  must  operate  in  a  closed  loop  fashion  with  visual  feedback  about  his  responses. 

In  this  form  of  tracking  the  operator  s  corrective  responses  can  be  distinguished  from  his  input.  The 
reader  should  realize,  however,  that  these  responses  are  displayed  after  they  have  been  modified  by 
the  system  dynamics.  Our  duck  hunter  aiming  for  a  bird  using  an  open  sight  is  an  example  of  pursuit 
Hacking. 

Compensatory 

Compensatory  tracking  is  the  same  as  pursuit  except  that  the  visually  displayed  effects  of  the  control¬ 
ler's  responses  are  not  distinguishable  from  the  system’s  input.  Were  our  duck  hunter  aiming  for  the 
■duck  using  telescopic  sights  with  a  small  field  of  view,  we  would  have  compensatory  tracking.  Since 
in  compensatory  tracking  the  visual  display  is  the  system  forcing  function  minus  the  modified  control 
response,  the  operator  can  determine  the  effects  of  control  motion  alone  only  under  zero  input  conditions. 


fications. 


in  this  report  we  shall  be  concerned  only  with  certain  members  of  the  pursuit  and  compensatory  classi- 
This  study  is  specifically  applied  to  manual  control  systems  where  the  operator  has  the  more  or  less 
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continuous  task  of  trying  to  effect  some  degree  of  match  between  a  visually  displayed  input  quantity  and  a  visually 
displayed  output  quantity  being  controlled) 

For  the  conditions  of  concern  in  this  report  the  classifications  above  can  be  conveniently  thought  of "  ■ 
as  defining  the  type  of  display.  Figure  1  illustrates  the  general  nature  of  pure  pursuit  and  compensatory  displays. 


•it)  «(0-  r(<) 

a.  Pure  Compensatory  Display. 

Figure  1. 


b.  Pure  Pursuit  Display. 
Compensatory  and  Pursuit  Displays. 


In  the  compensatory  display  the  operator  is  presented  with  an  input  consisting  only  of  an  indicator  showing  the 
difference,  ot  error,  (it),  between  the  forcing  function  i(r)  and  the  system  output,  r(i).  The  operator's  task  is  to 
minimize  the  error  signal  presented  by  trying  to  keep  the  circle  superimposed  on  the  stationary  clot.  In  the  pursuit 
display  the  operator  sees  both  the  input  and  output  of  the  system.  Again  the  operator’s  task  is  to  minimize  the 
error  existing  between  the  location  ot  the  dot  mn!  the  elide,  with  the  general  operation  being  one  of  pursuing  the 
target  with  the  follower,  trying  to  keep  the  circle  around  the  dot.  For  the  purposes  of  this  report,  then,  the  input 
environmental  factors  operating  upon  the  control  system  can  be  essentially  reduced  to  a  definition  of  the  type  of 
display  presented  to  the  operator.  Other  fine  points  are  actually  involved,  but  for  the  nonce  these  will  be  deferred 
to  later  sections. 

The  other  fundamental  factors  in  the  control  situation  are  the  type  of  element  being  controlled  by  the 
operator,  such  as  an  aircraft,  automobile,  etc.,  and  the  actual  means  of  exciting  control,  such  as  a  control  St  ilk 
wheel  with  their  associated  restraints  (springs,  dampers,  etc,).  All  of  these  characteristics  will  be  lumped  into 
the  general  classification  of  the  "controlled  elements."  In  many  cases  the  controlled  element  can  be  described 
suitably  by  linear  transfer  functions,  though  in  others  nonlinearities  may  be  present  which  also  require  description. 

With  the  controlled  element  and  display  type  defined,  we  can  now  draw  functional  block  diagrams  of 
the  two  simple  control  situations  considered  in  this  report.  These  diagrams.  Fig.  2,  show  the  human  opetator  as 
an  element  of  a  closed  loop  system. 

If  the  characteristics  of  the  human  operator  for  a  given  overall  task  are  assumed  to  be  capable  of 
quasi-linear  description,  the  operator  matheraatital  model  will  consist  of  a  linear  transfer  function  plus  an 
additional  quantity  inserted  as  an  input  into  the  system  by  the  opetator.  Then  the  functional  block  diagrams 
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a,  Functional  Block  Digram  of  Simple  Purauit  Manual  Control  System. 
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b.  Functional  Dlock  Diagram  of  Simple  Compensatory  Manual  Control  System. 


Figure  2. 


of  Fig.  2  can  be  made  into  equivalent  block  diagrams  showing  .  *s.  yd  operations  of  the  system.  These  are 

shown  in  Fig.  3.  To  simplify  the  structure,  the  dynamic  characierit'v  j  of  the  display  are  lumped  with  the  controlled 
element,  and  rhe  actual  forcing  function  is  modified,  if  necessary,  to  an  equivalent  one.  The  linear  transfer  char¬ 
acteristics  of  the  human  operating  on  his  presented  inputs  are  described  by  the  weighting  functions,  yP|(r),  yft(r) 
and  yp(r),  ot  theit  Laplace  transforms  and  V/s).  Since  all  of  the  operator’s  output  is  not  described  by 

the  action  of  these  transfer  characteristics,  an  additional  term,  ne(t),  is  added  at  his  linear  output  to  form  the  total 
operator  output  c(r).  The  location  of  nr{t)  at  the  operator's  output  is  arbitrary,  and  does  not  necessarily  imply  that 
such  a  quantity  is  physically  inserted  at  that  point. 

The  two  block  diagrams  of  rig.  3  cieariy  iiiuscratc  chc  servo  system  characteristics  of  manual  control 
systems  in  general  tracking  tasks.  Recognizing  this  allows  us  to  apply  the  whole  body  of  servo  theory  in  our 
attack  upon  human  behavior  in  such  manual  ccntioi  systems.  As  servo  systems  with  single  inputs,  the  compensa' 
tory  system  is  of  extremely  simple,  single  unity-feedback  form.  As  a  closed  loop  system,  the  operator’s  output 
and  system  error  are  given  in  terms  of  Laplace  transforms  and  transfer  functions  by. 


C(s)  = 


y„(s)  l(s)  +  Nc(s) 
i  +  Yp(s)  yr(s  ) 


/(f)  -  n(s)  Nt{s) 
i  +  y„(s)  yc(s) 


(1*13 
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The  pursuit  system  is  a  somewhat  more  complex  servo,  being  a  particular  type  of  open-cycle,  closed-cycle  system.* 
Here  the  operator’s  output  and  system  error  are  given  by, 

tVP{(s)  +  yw(s)]/U)  +  Af,U) 

C(s)  =  1  +  Ypt(s)  Ye(s) 

(1-2) 

[  1  -  Ypiis)  V<(s)]  /(*)  -  Vc(s)  N'(.t) 

f(s)  -  1  +  Yp,(s)  Ye(a) 


By  comparing  the  ertor  equations  of  Eq.  (1-1)  and  (1-2),  it  is  quite  apparent  that  the  pursuit  type  of  system  could  re¬ 
sult  in  smaller  errors  than  the  compensatory  system  if  the  operator  is  capable  of  making  effective  use  of  the  addi¬ 
tional  information  available  by  the  proper  adjustment  of  the  transfer  function  YPi(s).  Therefore,  even  though  most 
of  the  available  experimental  work  summarized  in  this  report  has  been  concerned  with  compensatoty  systems,  the 
pursuit  system  offers  possible  improvements  and  some  aspects  of  such  systems  form  an  important  pnrt  of  this  report. 


0.  Equivalent  Block  Diagram  of  Pursuit  System  with  Linearized  Operator. 


b.  Equivalent  Block  Diagram  of  Compensatory  System  with  Linearized  Operator. 


Figure  3. 

•See  J.R.  Moore,  Ref.  60. 
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Section  II 

GENERAL  BACKGROUND  FOR  HUMAN  DYNAMICS  RESEARCH 

This  section  will  attempt  to  put  human  dynamics  studies  in  theit  historical  perspective  andtopr  qyidc; 
a  verbal  summary,  having  some  psychological  content,  of  the  analytic  developments  which  will  be  presented  in 
greater  detail  further  along  in  this  report. 

No  pretense  is  made  to  either  depth  or  completeness  of  coverage  in  this  section  for  wc  are  attempting 
to  equip  the  reader  with  adequate  familiarity  rathet  than  a  scholarly  knowledge  of  the  tracking  field,  day  omissions 
of  pertinent  human  dynamics  research  that  occur  are  due  not  to  value  judgments  hut  ignorance  on  our  part.  More 
details  and  origins!  references  can  be  found  in  [28, 46, 56l. 

A.  THE  ROLE  OF  PSYCHOLOGY 

Before  World  War  II  cracking  as  such  received  no  attention  in  the  psychological  literature.  To  be  sure, 
experimental  psychologists  conducted  research  on  many  aspects  of  human  sensory  and  control  behavior  which  were 
later  to  be  of  importance  in  tracking  studies,  but  their  interests  were  not  in  tracking  performance.  Perhaps  the 
earliest  tracking  devices  used  by  psychologists  were  pursuitmeters,  simple  direct  manual  controlled  devices  which 
might  have  either  compensatory  or  pursuit  displays.  These  pursuitmeters  were  used  from  the  early  1920 's  on  to 
study  eye-hand  coordination  under  such  conditions  as  degree  of  alcohol  ingestion,  different  training  routines,  and 
different  instructions,  etc.  In  addition  pursuitmeters  were  used  as  components  of  test  batteries  designed  for  the 
selection  of  persons  possessing  a  high  degree  of  eye-hand  coordination,  and  as  devices  for  producing  boredom  by 
prolonged  operation.  Many  of  the  foregoing  applications  of  tracking  devices  are  still  under  active  study. 

World  War  II  stimulated  our  present  lit,  rest  in  tracking  since  the  host  of  complicated  manual  control 
devices  developed  for  modem  fire  control  p.oblrms  required  a  more  detailed  description  of  human  o[  orator  perfor¬ 
mance  than  had  hitherto  existed,  No  longer  could  pilots  or  gunners  compute  leads  in  their  head,  as  our  duck  hunter 
it:  Section  !  was  able  to  do,  but  uvw  the  human  operator  served  as  a  sensor  which  generated  measures  of  rates, 
positions,  and  sometimes  ranges  of  a  target;  and  as  a  controller  which  fed  these  data  into  a  computer.  Depending 
on  the  dynamics  of  the  controlled  element,  the  operator  might  be  coupled  with  a  system  which  resulted  in  poor 
performance  or  even  tended  to  instability. 

At  first,  in  the  haste  of  the  war  time  emergency,  little  thought  was  given  to  the  human  operator  of  tin- 
various  military  tracking  devices.  First  in  Great  Britain,  and  then  in  this  country,  the  improvement  of  the  human 
operator's  functioning  became  recognized  as  an  important  research  area.  As  a  consequence,  research  teams  con¬ 
sisting  mainly  of  psychologists  were  organized  to  improve  matters.  These  men  reflected  professional  attitudes 
and  prior  training  in  theit  manner  of  attacking  Human  operator  performance  problems.  Industrial  psychologists  frag¬ 
mented  the  task,  performed  job  analyses,  and  proceeded  m  develop  test  techniques  for  the  selection  of  personnel 
who  could  he  expected  to  excel  at  the  required  task.  Experimental  psychologists  took  a  different  tack  and  directed 
their  efforts  toward  increasing  the  number  of  possible  competent  operators  by  studying  the  complementary  possibil¬ 
ities  of  training  and  of  equipment  redesign.  The  training  studies  fell  rather  naturally  under  such  traditional  learning 
rubrics  as:  transfer  problems,  part  vs.  whole  learning,  massed  versus  distributed  trials  and  so  forth.  Equipment 
redesign  efforts  were  divided  into  static,  kinetic  and  dynamic  studies.  The  static  studies  dealt  with  such  matters 
as  anthropometry  and  the  placement  of  controls,  knob  and  handwheel  design,  reticle  design  and  so  forth.  The 
kinetic  studies  concerned  themselves  with  control  display  relationships.  Typical  of  the  kinetic  questions  examined 
were: 

a.  What  is  the  optima!  display-control  ratio? 

b.  What  is  the  optimal  tracking  handwheel  diameter  and  speed? 

c.  What  effects  do  friction,  stiction,  inertia  and  so  forth  have  on  tracking  accuracy? 

d.  What  are  the  effects  of  magnification,  reriral  design,  rai get  sizr,  and  so  forth 

on  tracking  accuracy? 

e.  What  ;s  the  subject's  reaction  time  in  responding  to  a  step  input? 
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The  list  could  be  expanded,  but  this  sampling  of  topics  serves  to  characterize  the  type  of  questions  which  were  of 
interest. 

The  dynamic  studies  are  characterized  by  their  emphasis  on  attempted  analytic  descriprians^oLithe 

process  by  which  the  human  operator  everted  control  in  closed  loop  tasks.  Except  for  rare  instances, -we-wilLdis- - —  ... 

cuss  only  dynamic  studies  in  this  report.  It  is  difficult  to  state  precisely  how  and  where  the.necd  for  dynamic^  _  — ^  f.j 

studies  first  arose.  It  is.clear,  however,  that  such  st udie s -were-ot  iginsted  and  stimulated  by  enginr-crs,  not  ~ 
psychologists.  Much  of  the  experimentation,  however,  and  the  introduction  of  concepts  of  psychological  or  psycho* 
physical  content,  was  due  to  experimental  psychologists.  In  a  sense,  the  engineers  introspected  on  the  problem 
with  the  aid  of  some  psychological  sophistication.  The  most  complete  background  data  which  the  experimental 
psychologists  could  make  available  for  this  introspection  dealt  with  visual  processes  and  with  reaction  times. 

There  are  data  on  visual  sensory  discriminations  in  referring  to  the  resolving  power  of  the  eye,  the 
adaptation  of  the  eye,  and  the  discrirnlnability  of  displacements,  velocities  and  accelerations.  These  quantities 
are  often  interdependent,  and  one  must  recognize  the  presence  of  interactions  between  the  size  of  a  visual  stimulus, 
the  stimulus'  luminous  intensity,  and  the  brightness  of  the  surroundings  against  which  it  is  viewed.  Similarly, 
there  are  interactions  between  the  degree  of  structure  in  the  visual  field  and  the  perception  of  displacement,  veloc* 
ity  or  acceleration.  Because  of  the  intimate  relation  of  these  data  to  the  measuring  situation,  the  general  inade¬ 
quacy  of  mathematical  models  (such  as  Weber’s  law)  and  the  ready  availability  of  summary  data  and  handbooks,  no 
attempt  will  be  made  to  present  numbers  at  this  time  [28, 6y,  79, 94]. 

On  a  more  highly  integrated  level  in  the  neivous  system  the  visual  sense  has  been  studied  ro  determine 
the  effects  on  reaction  time  delays  of  competing  stimuli.  Notions  such  as  "span  of  attention"  are  pertinent  here 
in  the  evaluation  of  tracking  displays.  The  competition  among  stimuli  Irads  us  to  the  various  studies  on  the  in¬ 
crease  ot  reaction  time  in  multiple  choice  and  compound  reaction  time  displays  in  which  a  higher  mental  process, 
involving  selecting  and  sequencing  response  decisions,  results  in  a  slower  reaction  rime.  Some  workers  have  found 
it  useful  to  describe  similar  phenomena  in  an  information  theory  context  [43],  and  os  would  be  expected  it  has  teen 
found  that  reaction  time  increases  with  stimulus  information  conrent.  It  is  of  intere-t  to  note  that  when  a  one  bit 
visual  signal,  i.e.,  go  or  no  go,  is  employed  as  a  stimulus  to  the  practiced  alerted  human  operator  the  reaction  time 
approaches  a  lower  limit  of  about  9.15  seconds.  There  are  other  cases  in  which  the  time  to  respond  may  approach 
zero,  as  in  anticipatory  behavior,  but  in  these  cases  wo  are  really  redefining  the  stimulus  to  which  the  response 
takes  place,  and  the  reaction  time  remains  at  its  physiological  limit.  This  brief  discussion  serves  to  indicate  the 
critical  importance  of  the  context  and  predictability  of  the  input  signal  to  the  operator  on  his  reaction  time.  In 
Section  IV  we  will  attempt  to  analyze  the  reaction  time  found  in  tracking  in  terms  of  its  component  parts.  Suprising 
as  it  may  seem,  the  reaction  time  exhibited  in  a  serial  response  problem  such  as  tracking  is  an  elusive  quantity. 

This  is  because  it  is  difficult  to  isolate  proper  stimulus-response  pairs  in  the  tracking  task  as  well  as  the  lack  of 
a  simple  criterion  of  predictability  which  could  serve  as  a  basis  for  ranking  stimuli.  Fenn  [29]  has  made  measure¬ 
ments  which  show  that  the  minimum  period  of  free  wagging  for  fingers  or  limb  is  a  characteristic  of  the  nervous 
system  rainer  than  of  the  musculoskeletal  system.  This  minimum  period  is  0.1  to  0.15  seconds  and  is  presumably 
the  lower  limit  for  serial  reaction  time. 


Wc  have  discussed  delays  which  might  occur  in  the  onset  of  a  response  due  to  organization  factors  in 
the  visual  modality.  The  operator  can  and  does  organize  his  percepcions  around  more  chan  just  the  proper  sequencing 
of  responses,  for  his  responses  must  be  appropriate  in  magnitude  as  well  cs  direction.  An  interesting  psychological 
problem  arises  here  since  the  magnitude  of  a  stimulus  is  related  to  the  context  in  which  the  stimulus  :«?  found. 

The  so  called  range  effect  provides  an  example  [26,71,73,77,89]  and  although  small  and  of  little  practical  impor¬ 
tance  in  actual  equipment  operation,  the  presence  of  this  effect  is  easily  verified  by  experiment  (e.g.,  Figure  21)- 
The  effect  consists  of  overestimating  a  stimulus  when  it  is  the  shortest  and  underestimating  the  same  stimulus 
when  it  is  the  largest  in  a  range  of  stimuli.  It  is  difficult  to  separate  motor  from  sensory  influences  in  tracking 
performance,  but  the  compatibility  of  the  "range  effect"  with  such  perceptual  phenomena  as  adaptation  level  pro¬ 
vides  a  consistent  framework  for  discussing  the  effect  in  perceptual  terms.  Best  present  knowledge  indicates  that 
the  range  effect  is  asymmetrical  in  that  responses  to  the  smallest  displacement  are  more  heavily  skewed  to  the 
mean  of  the  series  of  stimuli  than  are  the  responses  to  the  largest  displacements  of  the  series,  it  is  possible  that 
the  explanation  of  the  skewed  distributions  may  reside  in  the  type  of  scale  which  the  operator  uses  to  subjectively 
rank  stimulus  magnitude,  with  the  central  tendency  effect  explainable  either  perceptually  in  terms  of  an  adaptation 
level  or  on  the  response  side  by  some  sort  of  least  effort  principle.  For  our  present  purposes  the  reason  for 
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discussing  the  "range  effeci"  is  to  serve  as  an  illustration  of  the  type  cf  stimulus  context  variables  which  influence 
the  organization  of  tracking  behavior  and  which  were  considered  important  when  human  dynamics  were  i'rst  examined. 

There  are  a  series  of  more  nebulous  psychological  factors  which,  though  not  readily  amChaWc  to.  dos- _ 

cription  in  engineering  terms,  nevertheless  are  of  importance  because  of  their  influence  on  tracking  performance. 
Aspiration  level,  motivation,  and  "set  to  respond”,  are  the  major  factors  of  this  type,  "°’r" ' 

The  tracker’s  level  of  aspiration  in  the  tracking  task  determines  his  self  imposed  leyel  of  tracking  per*., 
formnnee.  The  tracker  who  is  attempting  to  minimize  an  error  will  not  necessarily  reduce  the  error  to  the  limits  of 
his  visual  acuity,  but  will  reduce  the  error  to  that  level  which  he  is  willing  to  tolerate.  Cettain  etrors  may  be  deemed 
unavoidable  or  too  small  to  bother  about  [40],  Although  magnification  serves  to  increase  the  apparent  error,  track¬ 
ing  performance  does  not  improve  in  proportion  to  increased  magnification  since  the  attendant  diminution  of  field 
size  offsets  some  of  the  gains  attributable  to  increased  magnification.  High  motivation  enables  the  tracker  to  over¬ 
come  fatigue  effects,  to  persist  in  boring  tasks,  and  to  focus  his  efforts  on  the  task  at  hand  without  regard  to  distrac¬ 
tions.  The  operator’s  set  to  respond  refers  to  behavior  which  may  be  established  by  instructions.  One  could  instruct 
the  operator  as  to  the  visual  cues  to  expect,  or  in  the  manipulative  procedures  to  be  used  in  tracking. 

The  foregoing  general  and  sketchy  remarks  are  indicative  of  what  the  psychologist  would  consider  in 
formulating  a  description  of  human  dynamics. 

The  earliest,  basically  psychological,  formulation  of  this  nature  is  due  to  Craik  [ 20]  who  hypothesized 
that  the  human  operator  in  a  cracking  task  emitted  corrective  responses  which  were  not  modifiable  by  sensory  feed¬ 
back  during  their  execution  which  was  at  a  frequency  of  two  per  second.  The  0.5  seconds  period  between  responses 
was  colled  the  refractory  period.  Smoothing  in  the  tracking  system  might,  however,  serve  to  mask  this  hypothesized 
discrete  nature  of  human  tracking.  In  experiments,  the  refractory  period  was  manifest  when  the  reaction  time  to  the 
second  of  two  consecutive  stimuli  increased  hv  as  much  as  0.3  seconds  beyond  the  nuim.il  0.2  second  .eactiun  tunc 
to  the  Inst  stimulus  when  (be  stimuli  tvctc  less  than  0.5  seconds  Spurt.  Tilde  is  n  voluminous  literature  on  the 
refractory  period,  and  we  have  only  referenced  a  few  representative  papers  [ 21 , 25,  4 1, 46,  5‘),  H7l.  The  present  status 
of  the  controversy  appears  to  be  that  most  observers  agree  that  there  docs  appear  to  be  a  super-imposed  tipple  of 
about  2  cycles  per  second  on  the  Hacker’s  output,  but  there  is  consi dei able  disagreement  as  to  the  source  nl  ibis 
periodicity.  Later  in  this  report  it  will  be  found  that  this  type  periodicity  is  consistent  with  three  of  the  rcmnnnt 
models  presented.  Additionally,  the  near  neutral  stability,  which  it  will  tutu  out  characterizes  many  inan-machinc 
systems,  would  also  tend  to  manifest  itself  as  a  superimposed  ripple  when  excited  by  any  remnant  nt  all  (82). 

Whether  this  ripple  is  at  2  cycles/ second  is  a  function  of  the  control  dynamics  and  input  signal. 


B.  THE  ENGINEER}'  CONTRIBUTION 

The  engineers'  interest  in  this  problem  arose  when  the  human  operator  was  given  power  controls  to 
manipulate.  Direct  linkages,  or  "pointing  stick”  devices  caused  r.c  major  prcbleras,  but  whe:,  the  controlled  ele¬ 
ment  (Fig.  2)  assumed  dynamic  cbatucLviisiies,  stability  and  uic  criteria  of  merit  for  errors  became  probiems.  The 
interest  and  attitude  of  engineers  can  be  summarized  by  quoting  Tustin  whose  early  work  was  the  genesis  of  the 
major  content  of  this  teport  [82]. 

"The  object  of  the  series  of  tests  described  in  the  present  report  was  to  investigate  the  nature  of  the 
layer's  response  in  a  number  of  particular  eases  and  to  attempt  to  find  the  laws  of  relationships  of  movement  to 
error.  In  particular  it  was  hoped  that  this  relationship  might  be  found  (within  the  range  of  practical  reciuirements3 
to  be  approximately  linear  and  so  permit  the  well-developed  theory  of  'linear  servo-mechanisms’  to  be  applied  to 
manual  control  in  the  same  way  as  it  is  applied  to  automatic  following." 

This  same  attitude  and  hope  had  motivated  A.  Sobczyk,  R.  S.  Phillips  and  II.  K.  Weiss  [44,  91, 92],  but 
it  was  Tustin  who  introduced  the  concept  of  measuring  a  linear  operator  to  describe  the  human  and  recognizing  a 
remnant  term  which  expressed  that  portion  of  the  operator’s  control  behavior  which  was  not  ascribable  to  this  linear 
operation  on  the  input.  It  is  this  basic  notion  which  has  been  extended  in  this  present  report.  Tustin  went  further 
and  postulated  origins  for  the  remnant.  In  his  earlier  work  [82]  he  suggested  that  an  essentially  white  noise  at  the 
operator's  output,  and  not  variations  of  his  linear  transfer  functions  parameters,  might  account  for  the  remnant. 

This  remnant  actually  accounted  fo:  half  of  the  total  error. 
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In  a  subsequent  report  [86]  he  was  of  a  different  mind,  and  believed  that  the  remnant  resulted  from  the 
existence  of  a  "threshold”  in  response  together  with  a  tendency  for  the  response  to  be  impulsive  in  form.  The  evi¬ 
dence  for  this  is  weak,  being  based  on  a  questionable  choice  of  linear  transfer  function  form  which  yielded.! he 
parameters  for  the  human  operator’s  underlying  linearized  differential  equations.  The  appropriate-differential 
equations  in  operational  fotm  were  applied  to  the  error  input  and  to  the  control  response  and  the  two  solutions.  ro 
the  equations  were  plotted  and  compared.  This  comparison;  over  a  seven  .seconi-segment,. showed  periods  of  about  1 
0.5  second  over  which  the  output  was  zero  followed  by  an  impulsive  response  of  a  magnitude  which  seemed  to  vary 
in  a  random  fashion. 

Although  it  is  not  important  for  us  to  dwell  on  the  form  of  linearized  transfer  function  Tustin  extracted 
(in  Section  VI  wc  will  present  some  of  his  data  in  detail  and  recompute  transfer  characteristics),  it  is  of  interest  to 
note  his  findings  on  the  optimalizing  behavior  of  v,,  the  human’s  description.  Tustin  observed  that  the  operator 
adjusts  his  open  loop  gain  to  a  value  such  that  the  controlled  element  and  the  operator  form  a  marginally  stable 
system.  This  finding  anticipates  a  great  deal  of  more  extensive  future  research,  and  is  one  of  the  human  operator's 
most  useful  characteristics.  He  can  change  his  characteristics  to  improve  performance  consistent  with  stability 
considerations. 

Another  important  finding  of  Tustin’s  [83 1  upon  which  a  considerably  more  elaborate  structure  has  been 
built  is  hi«  concept  of  compensation  as  applied  to  man-machine  systems.  Compensation,  of  course,  is  a  very  old 
servo  system  technique  which  consists  of  designing  such  circuits  as  will  provide  lead  or  other  equalization  for  the 
operator  to  compensate  for  his  phase  lags,  and  thus  allow  him  rn  operate  at  higher  gain,  while  attenuating  the  rela¬ 
tively  high  frequency  remnant  noise  as  best  as  possible.  Thus  compensation  is  a  compromise  between  lead  and 
lag  networks,  each  dominant  over  different  frequency  ranges.  The  exact  specification  for  the  compensation  net¬ 
works  is  a  function  of  the  controlled  element  and  precise  knowledge  of  the  remnant’s  frequency  characteristics. 
Tustin  considered  aided  tracking  to  bo  a  primitive  fo:m  of  compensation.  Tustin  advocated  doing  for  the  operator 
wh«r  he  carnot  Ho  wel'  himself,  hut  allowing  him  to  act  as  an  optimalizing  amplifier,  which  he  can  Jo  quite  well. 
This  contribution  of  Tuslin's  has  been  modified  slightly,  but  remains  essentially  unchanged  as  one  of  the  major 
conclusions  of  present  human  dynamics  research. 

That  the  human  operator  imposes  certain  requirements  on  the  controlled  element  was  recognized  by 
others  as  well  [44,91,92],  Weiss,  for  example,  presented  a  detailed  argument  for  aided  tracking,  i.r.,  the  man  and 
his  manual  control  have  the  transfer  characteristic  where 

„  „  (1+T.v) 

V  -  yp  s 

T  is  the  aided  tracking  rime  constant  -  the  ratio  of  change  in  position  to  the  change  in  velocity  of  the  output  as  a 
result  of  a  given  change  of  manual  control  position.  Weiss’s  position  was  that  aided  tracking  was  by  far  preferable 
to  velocity  tracking,  for  which  the  transfer  function  was  1/s,  since  velocity  tracking  forced  the  operator  to  generate 
high  leads  with  consequent  hignet  errors  and  the  risk  of  going  unscabie. 

In  addition,  Weiss  advocated , so  selecting  the  particular  aided  cracking  time  constant  with  the  controlled 
etemenc  dynamics  in  mind.  Thus  a  controlled  element  whose  ttansfer  function  was  of  the  lead-lag  form  could  be 
coupled  with  an  aided  manual  control  so  that  the  manual  control’s  lead  cancelled  the  controlled  element’s  lag.  The 
result  would  be  equivalent  to  a  controlled  element  of  transfer  function  equal  to  unity,  and  an  aided  manual  control. 
This  new  aided  manual  control  would  of  course  have  a  time  consiutii  which  equal  to  the  ikut  constant  sf  the 
lead  term  of  the  controlled  element. 

This  suggestion  was  also  made  by  a  team  of  engineers  and  psychologists  working  at  The  Franklin 
Institute  during  World  War  II  who  conducted  many  large  scale  simulator  experiments  to  determine  the  optimum  aided 
tracking  time  constant  for  various  controlled  element  dynamics  [59,66].  Not  only  were  the  theoretical  predictions 
for  the  optimum  aided  tracking  constant  corroborated  by  experiment,  but  the  thesis  that  what  the  operator  is  given 
to  work  with  is  more  important  than  his  training  nr  selection  was  demonstrated.  This  thesis  is  central  to  engineer¬ 
ing  psychology.  Untrained  college  students,  secretaries,  and  engineers  were  able  to  out-perform  trained  gunners 
on  flexible  gunnery  simulator  tests  when  the  naive  subjects  were  provided  with  optimal  controls  and  the  trained 
gunners  used  existing  equipment. 
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Weiss,  as  did  Tustin  and  others,  took  cognizance  of  the  human’s  time  constant  adjustability  by  sug* 
gesting  that  tracking  instructions  be  determined  by  the  smoothing,  i.e.,  integrating  circuits  following  the  man  in  the 
control  loop.  Thus,  to  be  specific,  with  the  M-5  director  he  advised  smooth  tracking,  i.e.,  no  ,nudden_changes  jn 
error,  but  with  the  M7A1B1  director  he  advised  quick  corrections,  since  the  associated- smoothing  circuits  easily-"-=- 
eliminate  high  frequency  errors  but  pass  slow  changes.  To  assess  these  systems,  Weiss  advocated -measuring- 'tie  - 
spectral  density  of  the  error  power  from  the  autocorrelation  of  the  error  function  so  that  more  effective  information  _ 
on  tracking  requirements  could  be  supplied  to  selection  and  training  facilities.  -  -  -  --  -  — -^r.~ ~  ~  ~ '  -~~~- 

North,  in  an  a  priori  non-experimental  model,  elaborated  on  the  applications  of  spectral  density  tech¬ 
niques  by  expressing  the  system  error  spectrum  in  terms  of  coherent  and  stochastic  influences,  thus  gaining  insight 
into  the  remnant’s  structure.  These  foregoing  suggestions  that  the  spectrnl  density  is  a  useful  analytic  tool  for 
evaluating  tracking  will  be  developed  considerably  in  Section  III  of  this  report. 

We  will  not  discuss  analog  computer  models  of  the  human  operator  in  this  section  since  the  Goodyear 
group's  fine  work  in  this  regard  will  be  considered  in  detail  in  Section  VIII  of  this  report.  In  nddition  wc  will  not 
dwell  at  any  length  on  the  various  suggested  linearized  transfer  functions  for  the  human  operator  141,67,851.  Suf¬ 
fice  it  to  say  that  most  of  them  were  of  the  general  form: 

C  K{  1  +  7js)e~Tl  ^  K(1  +7js)  cT‘ 

H  >  "  (TV/ji)  s 


In  Sections  V  and  VI  of  this  report  we  will  derive  describing  functions  (linearized  transfer  functions  in 
the  Tustin  sense)  for  various  input  and  controlled  element  characteristics,  and  attempt  to  bring  otherwise  disparate 
results  together. 

Matty  of  the  early  workers  in  the  field  atrempted  to  develop  flteit  human  operator  models  on  an  a  priori 
basis  by  postulating  such  attributes  as:  proportional,  or  proportional  plus  derivative  control,  nr  that  the  muscula¬ 
ture  (a  second  order  system)  was  important  and  could  be  approximated  by  n  first  order  term,  or  that  r  was  0.?5  or 
0.3  or  even  0.5  seconds.  Actually,  these  efforts  were  usually  misleading,  and  as  will  Ire  seen  in  Sections  V  and  VI, 
it  is  considerably  more  effective  to  extract  (tuiii  the  data,  while  Using  physical  reasoning  at,  a  technique  for 
getting  insights,  not  as  a  closed  deductive  logic. 

There  are  considerably  more  historical  references  than  have  been  discussed  in  the  foregoing.  Some  of 
these  are  in  our  list  of  references,  others  may  be  found  in  the  summary  reports  [28,48,56],  It  was  our  intent  to 
select  material  in  the  foregoing  which  anticipated  in  some  sense  our  subsequent  development  rather  than  to  strive 
for  completeness. 
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Section  111 

MATHEMATICAL  MODELS  FOR  MANUAL  CONTROL  SYSTEMS 
AND  QUASI-LINEARIZATION  TECHNIQUES 

A,  INTRODUCTION  - - -  "  - 

A  fundamental  problem  in  dynamic  analysis  is  the  mathematical  characterisation  of  cause  and  effect 
relationships  for  general  system  elements.  A  direct  way  to  specify  such  information  would  be  to  determine  the 
element  responses  arising  from  a  large  variety  of  inputs,  and  then  to  catalog  these  results  as  input-response  pairs. 
For  all  but  the  simplest  elements  and  conditions  this  direct  procedure  would  become  extremely  unwieldy.  In  order 
to  achieve  a  simpler  specification,  we  would  like  to  modify  the  bast..  question  from  "What  are  the  effects  due  to 
various  causes?”  to  "What  is  the  operation  of  the  system  element  in  modifying  a  cause  into  an  effect?"  In  other 
words,  the  analyst  desires  a  "mathematical  model"  of  a  device  which  responds  to  un  input  in  a  fashion  approxi¬ 
mating  that  of  the  physical  element,  and  which  might  be  used  for  several  similar  types  of  inputs. 

With  systems  containing  only  elements  which  behave  in  a  fashion  dcscribable  by  linear  constant- 
coefficient  differential  equations,  this  second  question  is  answered  simply  by  specifying  the  system’s  weighting  or 
transfer  functions.  If  the  system  were  represented  by  the  block  diagram  of  Fig.  4,  where  the  weighting  function, 


iriiEM 

INPUT 

Characterized  by: 

OUTPUT 

Character!  2ud  by:  O  **•" — 

bit) — Weighting  Function 

—  O  Characterized  by: 

1.  ill)  a*  o  time  function 

nil)  nr  lliftn)  — Transfer  Function 

1.  til)  as  a  time  function 

2.  f(s)  as  the  Laplace 

2.  Ris)  as  the  Laplace 

transform  of  ill) 

transform  of  At) 

j.  li/tu)  as  the  Fourier 

3.  Rijto)  a*  the  Fourier 

transform  of  ill) 

transform  of  r(t) 

Figure  4.  Linear  System  Represenmtiost. 


bir),  is  the  time  response  of  the  system  when  an  impulse  function  is  applied  at  zero  time,  then  the  relationship 
between  the  response  and  the  input  wouid  be  given  by  the  so-caiied  superposition  or  convolution  integral, 

rll)  =  f°bir)i(t-r)dr  (HI-1) 

-00 

Since  the  response,  r(f),  to  any  input,  i(f),  can  be  found  if  Mr)  is  known,  we  can  dispense  with  a  gigantic  tabula¬ 
tion  of  input-response  pairs  to  describe  a  linear  system’s  operation,  and  need  specify  only  the  weighting  function, 

Because  algebraic  operations  are  easier  to  use  than  integrals  like  Eq.  (III-l),  it  is  usually  preferable 
to  work  with  transforms  of  the  input,  response,  and  weighting  functions  rather  than  the  time  functions.  If  the 
Fourier  transform  is  used,  the  transformation  of  Eq.  (III-l)  becomes 

R(jco)  —  I  At)  e-A“»  dt  —  Hijtii)  l  (jo)  (HI-2) 

-oo 

where  /?(/&>),  H/<u),  and  Hifc o)  are  the  Fourier  transforms  of  rit),  t (r)  and  bit)  respectively. 
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When  the  conventional  unilateral  Laplace  transform  is  used,  the  convolution  integral  of  Eq. (III-l)  is 
first  modified  to 

r{t)  =  /  hU)i(t -r)dr;  t>Q  (HI-3) 

This  form  of  the  convolution  integral  can  then  be  Laplace  transformed  to  give 

R(s)  =  fr(/)r~«r*  =  H(s)/(s)  (HI-4) 

o  .  .. 

where  R(s),  /(?),  and  H(s)  are  the  Laplace  transforms  of  r(r),  i(l)  and  h(t).  The  transfer  function  f/(s),  is  essentially 
the  same  thing  as  the  transfer  function  H(iui),  with  jt u  replaced  by  s.t 

The  introduction  of  the  weighting  function,  or  its  transform,  the  transfer  function,  allows  us  to  describe 
the  performance  of  a  linear  system  completely  without  having  to  resort  to  the  awkward  device  of  a  complete  dic¬ 
tionary  of  input-response  pairs.  On  the  other  hand,  in  a  general  system  some  of  the  parameters  may  not  be  linear, 
but  may  depend,  instead,  unon  the  values  of  the  dependent  variables  which  define  the  system’s  response.  If  this 
is  the  case,  the  convolution  integral  is  not  valid,  and  the  behavior  of  the  system  is  a  function  of  the  particular  in¬ 
puts  and  initial  conditions.  This  puts  the  analyst  right  back  to  the  beginning  —  forcing  him  to  define  system  oper¬ 
ation  by  input-response  pairs  —  for  the  response  of  a  nonlinear  system  to  a  particular  input  is  just  that!  Results 
of  nonlinear  analyses  are  applicable  only  to  the  specific  situations  considered,  and  the  specification  of  system 
behavior  requires  us  to  give  both  the  input  and  the  response. 

Fortunately  many  nonlinear  systems  of  interest  have  specific  input-specific  response  pairs  which 
appear  to  be  very  similar  ro  input-response  pa'tc  for  linear  systems.  This  similarity  leads  immediately  to  the 
nocinn  that  clw  performance  of  some  nonlinear  elements,  for  particular  inputs,  could  he  approximated  by  a  linear 
element  plus  an  additional  quantity  called  the  remnant.)  From  this  general  basis  the  describing  function  technique 
has  been  evolved.  In  this  approach  nonlinear  elements  ate  replaced  by  "equivalent’’  linear  elements.  The  equi¬ 
valent  linear  element  is  derived  from  consideration  of  rhe  response  of  the  nonlinear  element  to  a  particular  type  or 
class  of  input.  Since  the  inpuc  type  is  defined,  and  the  response  is  the  result  of  a  linear  operation,  it  would  be 
expected  that  this  equivalent  linear  representation  would  be  of  considerable  value  in  approximating  the  actual  non¬ 
linear  system. 

As  an  example  of  this  concept  consider  the  sinusoidal  input  describing  function,  which  is  derived  from 
consideration  of  the  harmonic  response  of  the  nonlinear  clement  to  a  sinusoidal  input  at  various  frequencies  and 
amplitudes.  Suppose  that  a  sine  wave  is  applied  to  the  input  of  a  nonlinear  clement  having  a  single  input  and 
output.  The  output  very  likely  will  be  a  nonsinusoidal  periodic  wave  with  the  same  period  as  the  input  wave.  If 
the  output  waveform  is  analyze!  in  terms  of  its  Fourier  components,  the  fundamental  component  will  bear  e  rela¬ 
tionship  to  the  input  sine  wave  which  can  be  described  in  amplitude  ratio  and  phase  angle  terms.  The  describing 
fnnrrinn  will  k»  rhe  '•?•»  th*  fundamental  to  the  input  in  the  unrui  way  wo  used  in  a  linear  system.  The  remnant 
will  he  composed  of  all  the  higher  harmonics.  The  output  would  then  be  the  sum  of  rhe  describing  function  times 
the  input  plus  the  remnant. 

From  the  above  comments  it  is  apparent  that  a  whole  series  of  describing  functions  could  be  defined 
fot  a  particular  nonlinear  element  simply  by  considering  different  types  of  inputs.  The  sinusoidal  input  describing 
function  already  noted  is  exceptionally  important  and  is  an  eft-used  tool  in  servo  analysis.  In  many  problems  the 
type  of  transient  input  is  fairly  well  known  in  analytic  form  and  a  Itaasient  describing  function  is  of  value.  Of 
these  the  most  important  in  this  report  is  the  step  input  describing  function.  Finally,  perhaps  the  most  important 
type  of  describing  functioa  fot  general  systems  is  one  based  upon  statistical  inputs.  Such  a  describing  function, 
particularly  for  inputs  with  Gaussian  amplitude  distributions,  is  very  important  in  nonlinear  control  problems 


TWitb  some  additional  restrictions,  particularly  with  regard  ro  the  convergence  oi  the  Fourier  and  Laplace  transform  integrals, 
the  Fourier  and  Laplace  transformations  of  i(f)  and  r(f )  will  be  identical  for  f£0  when  s  replaces  /«.  Therefore,  even  though 
Fourier  transfotms  ate  moat  often  used  in  this  report,  both  foims  will  appear  as  dictated  by  local  convenience, 

1  While  the  notion  of  molding  a  nonlinearity  into  an  equivalent  linear  element  is  quite  old  and  baa  been  used  by  many  writers, 
the  first  instance  of  major  exploitation  of  the  technique  was  probably  by  Kryioff  and  Bogoliuboff  [55], 
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involving  the  types  of  inputs  used  in  statistical  design  techniques,  and  can  be  considered  a  fairly  general  type  of 
equivalent  linearization.  This  Gaussian  input  describing  function  is  of  particular  importance  lathis  report. 

As  a  final  general  comment  on  describing  functions  it  should  be  stated  that,  since  the  inputs-'are'difs 
ferent,  the  only  thing  the  various  describing  functions  have  in  common  is  the  nonlinear  system  they  approrirnacer*' 
If  the  nonlinearities  in  the  system  elements  become  more  linear,  the  various  describing  functions  tendtoapproaqh 
one  another.  When  the  nonlinearities  are  entirely  removed,  all  of  the  describing  functions  become  identical  To  the 
system's  transfer  function. 

Because  the  characteristics  of  the  human  operator  depend  strongly  on  the  type  or  inputs  which  he  is 
expected  to  follow,  the  describing  function  concept  is  our  only  recourse  if  it  is  desired  to  retain  the  general  sim¬ 
plicity  of  the  linear  methods.  Almost  all  of  the  experimental  research  upon  which  we  shall  report,  and  which 
attempts  to  specify  operator  characteristics  in  manual  control  tasks,  has  been  based  upon  this  general  approach. 
Therefore  this  section  is  devoted  to  various  aspects  of  the  describing  function  technique. 

Before  embarking  upon  the  detailed  discussion  of  the  describing  function  methods  useful  in  approxi¬ 
mating  human  responses,  it  is  necessary  to  mention  some  alternate  approaches  to  the  nonlinear  problem.  The  most 
important  practical  alternate  is  the  use  of  an  operator  analog  comprised  of  analog  computer  elements.  Using  the 
very  wide  range  of  nonlinear  and  linear  analog  elements  available,  a  computer  setup  can  be  made  by  cut  and  tty 
procedures  and  adjusted  until  the  "analog  operator"  responses  to  particular  inputs  are  similur  to  those  of  the 
actual  operator. 

If  a  "perfect"  analog  were  ever  achieved,  the  input  type  would  not  be  important,  in  the  case  of  the 
human  operator,  however,  a  separate  analog  is  required  for  different  inputs  to  achieve  a  practical  and  reasonably 
simple  computer  setup.  In  this  sense,  then,  the  computer  analog  represents  a  nonlinear  describing  function.  The 
technique  is  of  great  value  in  instances  where  a  point  by  point  prediction  of  operator  response  is  desired,  iut 
studies  including  nonlinear  control  effects,  and  as  a  means  of  providing  insight  into  some  of  the  types  of  nonlinear 
behavior  which  might  occur  in  the  operator.  When  nonlinear  transfer  characteristics  become  exceeding!;’  important 
ic  is  probably  the  only  practical  approach.  The  analog  technique  is  fairly  siiaighrioiward,  so  no  further  discussion 
of  the  general  method  need  he  included  in  this  section. 

There  are,  of  course,  other  approaches  to  the  problem  of  specifying  the  characteristics  of  a  general 
system,  such  as  (he  phase  plane  method,  various  digital  computer  techniques,  decision  function  models  for  oper¬ 
ator  choice  behavior,  etc.  None  of  these,  however,  arc  as  yet  of  much  importance  in  the  empirical  determination  of 
operator  characteristics. t 

In  the  way  of  outlining  what  is  to  come,  this  section  is  divided  into  two  major  parts.  The  first  part  is 
devoted  to  a  general  explanation  of  the  describing  function  technique.  This  part,  in  turn,  is  made  up  of  three  sub¬ 
sections,  one  on  sinusoidal  ir.put  describing  functions,  nne  on  Gaussian  input  describing  functions,  and  the  third 
on  step  input  describing  functions.  The  second  part  is  concerned  with  an  exposition  of  the  general  mathematical 
terms  involved  in  the  measurement  of  describing  functions  and  remnants,  of  both  the  sinusoidal  and  random  input 
variety,  ft  consists  of  several  topical  divisions  including  the  determinations  of  open  loop  quasiiincar  describing 
functions,  the  spectral  density  of  the  remnant  and  the  system  error,  and  the  mean  squared  error.  Other  quantities 
of  particular  importance,  such  as  linear  correlations  and  signal  to  noise  ratio,  arc  also  developed.  Finally,  the 
possible  general  sources  of  the  remnant  term  are  considered  in  some  detail. 

The  major  purpose  of  this  section  is  to  provide  die  general  mathematical  background  appropriate  to  the 
acruz!  types  of  servo  system  problems  involved.  Much  of  rho  discussion  is  therefore  f«i.iy  academic  and  a  good 
deal  could  be  skipped  by  the  general  reader  without  too  great  a  loss  in  understanding  of  the  latter  sections. 


B.  QUASI-UNEAR  DESCRIBING  FUNCTIONS 

In  the  study  of  human  dynamics  the  operator  characteristics  ate  strong  functions  of  input  type,  rtmilar 
to  those  qf  many  other  nonlinear  systems.  As  will  be  shown  later  in  the  review  r.f  experimental  work,  a  very  im¬ 
portant  factor  to  the  operator  in  determining  hi-  response  characteristics  is  the  genera!  predictability  of  his  input. 


I  These  other  techniques  occasionally  offer  or  bring  up  useful  and  interesting  side  issues  —  see  for  example  Platzer 


[62]. 
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Specifically,  the  operator's  mode  of  response  appears  to  be  different  for  single  sine  waves  (which  are  essentially 
completely  predictable  once  started),  see*  functions  (which  have  known  final  values  immediately  after  initiation  of 
the  stimulus),  and  ’'random  appearing  functions-”  The  random  appearing  inputs  ate  not  restricted  to  functions 
which  are  known  only  by  their  statistics,  but  include  those  which  can  be  made-up  by  as  few  as  three  noii-)iariaomc-_-~ 
ally  related  sine  waves.  In  most  of  die  experimental  work,  the  randoraap,. earing  inputs  have  beeii-cither-sucha 
sum  of  sine  waves,  or  time  functions  which  had  esaenliaily  Gaussian  amplitude  distributions.  Therefore  the  types 
of  describing  functions  of  interest  are  those  for  step,  sinusoidal  and  Gaussian  inputs.  All  of  these  describing 
functions  fall  into  a  category  which  can  be  called  quasi-lincar  because  they  tend  to  be  linear  under  a  fixed  set  of 
conditions,  such  as  given  inputs,  yet  nonlinear  when  changes  in  these  conditions  ate  COnSiucfcui 

1.  Sinusoidal  Input  Describing  Functions 

In  the  sinusoidal  input  describing  function  technique,  an  equivalent  linear  clement  is  derived  from 
consideration  of  che  harmonic  response  of  the  nonlinear  element  to  a  sinusoidal  input  at  various  frequencies  and 
amplitudes.!  As  an  example  consider  the  case  of  a  simple  limiter,  having  the  ttansfet  characteristic  shown  in 


-A  tA 


INPUT 


Figure  9.  Transfer  Characteristic  for  Limiting  with  Typical  Output  for  a  Sinusoidal  Input. 


Fig.  9.  In  this  instance,  if  the  input  is  «(<)  A  sin  cut  the  output  can  be  written  as  a  Fourier  series 

(112-5) 


r(i)  =  &isin(J<  +2  n-sinneur 
n  =  j,J  ... 


where 


t  The  sinusoids!  describing  function  ?echni«*»e  Has  been  father  thoroughly  exploited  in  the  past  ten  years  because  of  its  extreme 
importance.  One  or  the  first  references  to  the  method  is  to  an  unpublished  1946  report  by  Nichols  and  Kreezer  in  Greenwood, 
Hnidam  and  MaeRae,  psg*  fVrl .  One  of  rhe  first  published  applications  appears  in  Tustin  (84].  Later  work  following  the 
some  general  lines  was  done  hy  Kochcnburger  [47],  Johnson  [45l,  McRucr,  Holliday  and  Press  [381, ,  and  many  others. 
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and  fl  =  sin* '-7 


The  sinusoidal  input  describing  function  is  defined,  in  general,  as  the  ratio  of  the  fundamental  of  the  output  to  the 
input.  The  output  fundamental  may  have  a  phase  shift  relative  to  the  input  sine  wave,  thereby  giving  rise  to  both 
an  amplitude  ratio  and  a  phase  angle.  In  the  above  case  for  the  limiter,  the  sinusoidal  describing  functions  will 
be  simply  bjA,  while  the  remnant  includes  everything  else  in  the  output.  In  this  way  the  actual  nonlinear  transfer 
characteristic  of  Fig,  6a  can  be  replaced  by  the  "equivalent”  linear  element  plus  remnant  of  Fig.  6b. 


a.  Actual  Nonlinear  Transfer  Characteristic  for  Limiting. 


£  b„  sin  ntuf 


m 

b\ 

r 

1  r(r) 

A 

] - 

b.  "Equivalent"  Linear  Characteristic  for  Limiting. 
Figure  6. 


The  "amplitude  ratio"  and  "phase  angle”  for  the  sinusoidal  describing  function  for  limiting  is  shown 
in  Fie.  7.  including  those  of  the  output  harmonies,  t  It  will  be  noted  that  the  "phase  angle"  of  rhr  sinusoidal  input 
describing  function  in  this  case  is  aero.  This  will  always  he  the  case  when  the  nonlinearity  is  dependent  only 
upon  the  instantaneous  value  of  the  input.  The  describing  function  is  then  a  pure  gain  which  varies  with  input 
amplitude  alone.  In  general,  of  course,  the  sinusoidal  input  describing  function  can  vary  with  both  the  amplitude 
and  frequency  of  the  input  sine  wave. 

The  sinusniHal  input  describing  function  technique  can  also  be  interpreted  in  a  slightly  different  man¬ 
ner.  The  input  is  again  assumed  to  be  inusoidal.  While  rhe  output  will  not  be  sinusoidal,  it  can  be  approximated 
by  a  sinusoidal  function  with  the  same  frequency  as  the  input  bur  with  a  different  amplitude  and  phase.  The  com¬ 
plete  output,  r(f),  can  be  expanded  into  a  trigonometric  series,  i.e., 

r(r)  ==  2  anei"’  (UM5) 

•n 

It  is  now  desired  to  determine  the  values  of  a„  which  give  the  “best”  approximation  to  r(r),  where  "best”  is 


t  The  "amplitude  ratio”  of  a  harmonic  to  a  fundamental  is  an  arbitrary  term  adopted  lor  convenience  in  plotting  the  results.  It 
completely  ignores  the  difference  in  frequency  existing  between  the  harmonic  and  rhe  fundamental. 
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Figure  7.  Amplitude  Ratio  and  Phase  Due  to  Limiting. 


defined  as  the  result  of  minimizing  the  mean  square  error  of  approximation.  The  mean  square  error  in  approxima¬ 
tion  is  given,  if  r(r)  is  integrable  over  the  range  -<r  to  irr,  by 

7*-  J|r(f)-£«,eH,i*  (I1I-7) 

Z7T-V  - n 

It  cull  be  shown  that  f1  will  be  a  minimum  when 

a„  -=  J r(t)cin,dt  (HI-8) 

ZTT 

which  is,  of  course,  the  formula  for  the  familiar  Fourier  coefficient.  Since  a\  is  the  complex  number  describing  the 
fundamental  of  the  output  it  can  be  concluded  that  the  use  of  this  sinusoidal  input  describing  function  results  in  a 
particular  linear  equivalent  which  minimizes  the  mean  square  difference  between  the  actual  and  approximate  output. 

2.  Random  Input  Describing  F unction* t 

When  the  input  to  a  nonlinear  element  is  random  rather  than  sinusoidal  we  can  00  longer  interpret  a 
describing  function  in  terms  of  fundamental  and  harmonic  quantities,  so  this  aspect  of  the  sinusoidal  describing 
function  technique  has  little  carryover  into  the  random  input  case.  On  the  other  hand,  an  extension  of  the  mean 

1  Much  of  the  underlying  theory  and  application  of  random  input  describing  functions  is  due  to  Bootoo  [9,  10,  11,  12, 13].  Ref- 
erence  12  u  followed  closely  here. 


£2 

S3 
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square  approximation  is  feasible.  For  example,  if  one  assumes,  for  the  moment,  that  the  describing  function  ter 
simple  noslinearities  which  depend  only  on  the  instantaneous  value  of  the  input  is  an  amplitude  dependent  pure 
gain  (as  it  is  in  the  sinusoidal  case),  then  the  error  in  approximation  of  the  true  output  r(r)  by  the  eqjiiiValeHt'Unear^ 
output,  Kt(t),  will  be 

«<<)  -  rit)-Ki(t)  (III-9) 

an,d  the  error  squared  will  be; 

fJ(r)  =  [r(f)  -  Ki(/)]J  (HI- 10) 

The  mean  square  error  can  be  found  by  expanding  the  righc  hand  side  and  averaging,  i.e., 

tJG)  =  r!(<)  -  2Ki{t)r(t)  +  fCVG)  (1H- 11) 

*  = 

-  f'Zjr[  /*)*-  2K?tb)rtt)dt  +  K*?Mt)dt] 

=  ~*-2  Kw  +  Kaf5  (III-12) 


Tilt-  desired  value  o'  K  is  that  which  minimizes  fJ.  Therefore  since. 


<!£ 

dK 


-  -2 in-  2 K? 


(IH-13) 


then  the  desired  equivalent  gain  K  must  be 


K 


(III- 141 


If  bosh  r(.)  and  ;(*)  arc  assumed  to  be  stationary  random  functions  of  one  sort  or  another,  the  time  avcr= 
aged  quantities  in  Eq.  (111-14)  can  be  put  into  terms  of  probability  characteristics.  Because  the  functions  are  sta¬ 
tionary  the  expected  value,  or  ensemble  average,  of  a  stochastic  variable  of  given  distribution  function  will  be  equal 
to  the  time  average  for  (his  variable.  For  example,  if  X(t)  is  a  random  variable  having  an  amplitude  distribution 

■HW 

defined  by  the  probability  distribution  p(x),  then  the  mean  or  expected  value  of  X  is  defined  by  H[X]  =  /  xp{x)dx  . 


When  ihe  ergodic  hypothesis  holds,  i.e.,  when  rime  averages  are  equal  ro  ensemble  averages,  rhis  expected  value 

_  ,  j  *r 

will  be  equal  to  the  time  average  X  =  (  X(i)dl . 

-T 


Now,  if  g(X)  is  some  arbitrary  function  of  the  random  variable  X,  the  expected  value  of  gfX)  wiii  he  a 
probability-weighted  average  of  the  values  that  g  can  assume.  When  x<X<x+d*  then,  the  probability  weighted 
average  will  be  g(x)  times  the  probability  that  X  lies  in  the  interval  between  x  and  x+dx  .  This  will  be  given  ap¬ 
proximately  by 

g(x)Prlx<X<  x+dxl  =  g(x)pix)dx 


When  integrated  over  the  various  values  which  X  can  assume,  a  fundamental  theorem  is  obtained  which  gives  the 
expected  values  ofg(X)  as 


E[g(X)l  =  /  g(x)p(x)dx 


(IU-15) 
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Eq.  (III-15)  is  essentially  in  the  category  of  a  definition!  and  is  valid  for  any  random  process!  stationiyyqrqthct- 
wise  if  the  integral  exists.  The  concepts  of  stationarity  and  the  ergodic  hypothesis  enter  into  the  problem  only 
when  it  is  desired  to  hs"?  the  expected  value,  as  computed  above,  equal  the  time  average.  ,  . 

With  the  assumption  that  the  ergodic  hypothesis  holds,it  is  now  possible„tojtseiEjj,_(lIIrl5)  to  find  the 
values  of  the  time  averages  ri  and  i1  in  terms  of  the  probability  characteristics.  .  ..  ’  ’ 

To  find  the  value  of  ri,  consider  that  the  actual  transfer  characteristic  of  the  nonlinear  clement  is  such 
that  the  output  is  a  single  valued  symmetrical  function  of  the  input,  i.e., 


r(t)  -  /lift)] 

Then  the  aibitraty  function  of  Eq. (111-15)  g(X)  is  recognized  as  Xf(X),  or 
Hlrf]  —  /  x/(x)p(x)dx  ■-  ri 


(111-16) 


(111-17) 


To  determine  iJ,  the  second  moment  of  we  can  identify  i(t)  as  the  random  variable  \(f)  with  probabil¬ 
ity  distribution  p(x),  and  thus  by  definition 


E(iJ]  -  ECX2!  _  I  xip(x)Jx  =  i\t) 


(1IM8) 


We  can  now  substitute  Eq. (111-17)  and  (HI-18)  into  (111-14)  to  obtain  the  value  of  the  equivalent  gain  K  in  terms  of 

the  probability  distrihut'en  cha-->cteristic  of  the  input  and  the  transfer  characteristics  of  thr  nonlinear  element. 
This  will  be 


C*J  PMd* 


(111-15/ 


It  should  be  noted  that  the  only  restriction  upon  the  results  to  this  point  arc  those  due  to  the  assumption  that  a 
pure  gain  was  desirpd  as  the  approximation  to  the  nonlinearity  and  that  the  input  and  output  are  stationary  processes. 
While  the  value  of  K  given  above  by  either  Eq.(!H-14)  or  its  equivalent  (HI-19)  is  the  "best”  pure  number  in  the 
sense  that  it  will  give  a  minimum  mean  square  error,  it  is  not  necessarily  the  "best"  linear  operator  in  that  same 
sense.  This  will  be  discussed  mote  thoroughly  later. 

To  solidify  the  discussion  leading  to  this  point  consider,  as  an  example,  the  same  limiter  described 
previously.  The  amplitude  of  the  output  is  defined  by 

fix)  =  ~a  for  x  <  -u 
—  x  for  -a  <  x  <  a 

-=  i  a  fw.  .  '  -  (HI-20) 

Assume  that  the  amplitude  of  the  input  time  function  has  a  Gaussian  probability  distribution  given  by 


p(x)  = 


(III  21) 


where  a1  is  the  variance.  The  equivalent  gain  K  will  then  be  given  by 

k  —  f^xfMp{x)dx  _  LZ~ax  P^x)dx  +  +  CTax  p(*w* 

rvp(*)rf,  o 1 

si  fZh~  xp{x)dx  +  fZ°x  p(x  )dxi  +  /*Vp(x)dx 
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Substituting  the  expression  forp(x)  and  performing  the  indicated  integration  for  the  bracketed  numerator  term, 


I  n  '-o  o  \'2tr 

a* 


Recognizing  rhnt  the  integrand  is  un  even  function  of  x  and  grouping  terms, 


l.rtting 


K  =-.  4r[-p-)c"jo'  +  (~-|Vs<',(~-| 

V'7  lv2»J  y/n  )o  \'/2o)  l\/2nj 


q  •  |  o 

-fvdV  ,  I  2  f/jh  . 

*  „  +2l  z*c‘dz  I  =  -7^1  e"  dz 

0  )o  I  ,r„Jo 


K  -  tr 


The  last  step,  above,  is  a  reverse  integration  by  parts.  We  can  thus  write, 


K  =  <bf~- 
y/2  p 


(HI-22) 


whete  d1  is  the  error  function  defined  by 

-  -rSy'dz  (III  23) 

The  value  of  K  is  plotted  versus  a.  <7  in  Fig.  8.  This  particular  Gaussian  input  describing  function  can  be  com¬ 
pared  directly  with  that  for  the  sinusoidal  describing  function  to  obtain  a  notion  of  the  similarities  of  the  results 

for  this  simple  case. 

Q.  1  ,  Having  explored  the  general  idea  of  the  statistical  input 

y*  describing  function  for  a  simple  example,  it  is  now  necessary  to 

y  — '  generalize  the  development.  Conceptually,  the  generalization  is  not 

___  A  __ _ _  far  removed  from  the  first  case  considered  —  the  major  difference  is 

u>  j  the  desire  to  have  the  "best”  linear  equivalent  system  mther  than 

c  _i  /  merely  the  closest  appiuach  using  a  pure  gain.  If  the  nonlinear 

~  -g  _ f. . _ _ _ _ _  element  is  approximated  by  some  linear  weighting  function  b(r),  then 

*  -JO  A— _ — _ _ _  _ _  tilt  output  rfr)  will  be  approximated  by  b{t)iU-i)di.  This  is 

„jj  S-—  — _ _ _ _  __  directly  analogous  to  the  situation  described  in  the  linear  cases 

discussed  prior  to  Eq.  (III-3)  except  that  the  A(t)  in  this  case  is  the 
v  |  2  3  4  "best”  linear  equivalent  weighting  function  of  the  general  system 

element  rather  than  being  a  complete  description.  If  the  equivalent 
linear  system  weighting  function  is  to  be  realizable,  then  b[r)~ 0  for 

„  re  0,  so  that  the  approximate  ourput  willbe  iidr.  The 

Figure  b.  Gaussian  Input  Describing  ...  0 


Figure  8.  Gaussian  Input  Describing 
Function  for  Limiting. 


error  in  approximation  is  then 


<0)  =  r{t)-l*hir)Ht-r)dr  ,  r>0  (111-24) 


Since  a  minimum  mean  squared  error  is  desired,  the  required  b{r)  is  that  linear  quantity  which  minimizes  fty),  or 


r2(f)  =  Mtl-fti(r)  ifi_  -I  J?}1 

0 


(HI-25) 


Application  of  the  calculus  of  variations  to  this  expression  will  reveal  that  it  will  be  a  minimum  when  the  weighting 
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{unction  Mr)  which  characterizes  the  equivalent  system  satisfies  the  Integra!  equation 

RirW  =  f™h(u)Ru{r-u)du ,  for  r>0  -  (HI=2(5) 

where  R „(r)  is  |he  cross-correlation  function  between  input  and  output,  and  Rii(0  is  the  autocorrelation  function  of  ., 
the  input.  The  results  in  going  from  Eq.  (111-25 )  to  (111-2(5)  are  independent  of  the  type’ of  input 'p'rocess'ihvolved'.^""*.' 
Therefore,  the  weighting  function  satisfying  Eq.(III-26)  yields  the  "best"  linear  approximation  to  the  actual  output, 
in  the  mean-square  difference  sense,  under  quite  genera!  conditions.  At  this  juncture  this  general  property  may 
appear  to  be  rather  innocuous,  but  it  is  a  valuable  item  of  background  information. 

While  the  desired  answer  to  Eq.  (111-25)  is  given  in  Eq.  (III-26),  the  details  of  the  development  will  now 
considered  as  an  aside.  This  is  largely  an  academic  exercise  added  for  completeness,  so  the  reader  may 
skip  over  it  if  he  desites.  Using  the  absolute  value  of  the  error  squared,  we  can  obtain  the  following  directly 
from  Eq.  (III-24),  where  0*  is  the  complex  conjugate  of  (). 

Ml1  -  f(t)r*(l) 

-•  te(f>  -  £°Mr)i(t-rWr]  tr*(<)  -  j£° A*(r)  i*(f-  r)  dr] 

—  r(t)r*(t)  -  r(l)^Qh*{r)i*{t-r)dr  -  r*{t)j^h(t)  i(l-t)  dr 

+  CMhHr) i*(t  -  r)l (“<*, U(n)  .(r-rr)]  (>11-27) 

Taking  the  mean  squatc, 

kul2  TZyr{l?Tr(-l)ri'‘)di  l.lrU'Afi'iswru-riJAdi  ou-28) 

-  J^r’(r)[/“A(r)»(<-  r)dr]dl  +  /c*Tf,,{T)«‘(<-r)dr]|/c  h(,u)i(l-u)du\  tf(J 

Ry  noring  the  functional  dependence  of  various  terms  (e.g.,  b*(r)i*(t-r)  is  not  a  function  of  u  and  so  may  be 
included  under  the  second  integral  of  the  last  term),  interchanging  the  order  of  iutcgiuiiuit  in  places  and 
using  appropriate  bars  to  indicate  the  averaging  process, 

koF  =  moTmT)  -  (0°°b*(r)d,  koTni^j] 

+  !™dr  J^°  b(r)*b(u)  du  [t  *(.•-  r)  i(f-u)]  (III-29) 

The  symbolism  can  be  simplified  by  noting  that  the  barred  expressions  on  the  right  are  autocorrelation  and 
cross-cortelation  functions,  i.e.,  the  autocorrelations  of  the  response  and  input  are  respectively: 

Rrr(r)  =  r(t)*r(:+r)  =  rU)*r{i+r)dt 

Rjt(r)  -  iO)»rU+r)  =  l'Z±CTTiU)*Hur)dt  (HI-30) 

and  the  cross-cortelation  functions  are, 

Rri(r)  =  rU)*i(l+7)  =  fZy:£TTrU)*'il+r)dt 

Rirfr)  -=  IUF7U77)  =  (m  3i) 

Substituting  these  into  the  above  expression  for  IK0|2  artd  since  R„j(r)  =  R^(-r),  and  R„(0)  =  X2 

kijF  =  RrAO)-Cb*(r)Rjr)dr-f“b(r)Rir(r)dr 

+  f?d'!“dub(r)*bWRu{r-u)  (IH-32) 

Eq.  (HI-32)  gives  the  mean  square  error  in  terms  of  the  auto  and  cross  correlations  of  the  input  artd  output 
j  time  functions  and  the  equivalent  linear  weighting  function.  The  next  part  of  the  problem  is  to  find  the  raini- 
mum  value  of  |r(f)  *  with  respect  to  Mr).  Looking  at  Eq.(III-3?)  it  becomes  apparent  that  the  usual  method  ol 
!  differentiating  to  find  extreme  values  is  not  applicable  here  because: 
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(1)  b*{r)  is  not  differentiable  with  respect  to  hit). 

(2}  The  unknown  function,  Mr),  appears  under  the  definite  integral  sign. 

We  must  therefore  take  recourse  to  the  calculus  of  variations.  The  general  procedure  is  simple  enough  arid 
will  be  outlined  below. 

Given  the  integral  I -f£l7ly(x)]dx,  one  desires  to  determine  thefunction  y(x)  which  will,  make  f  a  inini- 
mum.  To  do  this,  take  a  function  y,(x)  which  is  presumed  to  be  close  tb'y(x),  so  that  '  '  ~ 

}’,(*)  -=  y(x)  +  Az(x) 


where  A  is  a  small  quantity  and  z(x)  is  some  arbitrary  function  of  x  with  a  continuous  derivative  in  the  interval 
xo£  x  ^  xj.  The  neighboring  function  yi(x)  can  then  be  substituted  into  the  integral.  The  inregral  is  then  a 
function  of  A  and  the  minimum  value  of  /(A),  if  y(x)  (which  equals  yi(x)  when  A  is  zero)  is  to  be  the  function 
which  makes  /(A)  a  minimum,  will  be  given  by  the  condition 


=  Q 

:-32),  the  weighting  function  h{r)  will  be  set  equal  to  w[r)  t  Az(r),  where  ui(t)  is  the 
tion,  A  is  the  small  multiplier,  and  z(r)  is  the  arbitrary  function.  Eq.  (111-32)  then 

!  --  Rrr(0) -  ^  fu/*(r)r  Az(r)l  K,r(r)rfr-/“fu<{r) >Az]  R,r(r)j/r 

+  l^°dr  (/uftn*(r/  4  A  z*(r)J  fu/(u)  +Az(u)l  R„(r-«)  (111-33) 

Differentiating  Eq. (111-33)  with  respect  to  A,  and  setting  the  expression  obtained  equal  to  zero,  and  then 
setting  A  -0  we  obrnin 

jf*e*(r) Unfr)Ht  +  Jf%(r)W*(<*  <  r)dr  f^d'j^°d»Pth-n)\r(u)ui*{r)  +  i«(«i)  z*(r)]  0  (UI-14) 

Now  K,,(r-u)  is  an  autocorrelation  function,  and  therefore  an  even  function  which  can  be  expressed  as 
R,,(r)--  R,1(-r),  even  though  the  conjugate  of  R,,  is  just  R,,.  Therefore,  integrals  of  the  form: 

ft  dtfo  du  Ru(r-u)z(n)te*(r)  duRlt{u -r)z(r) «/*(«/) 

-  rx(r)'irrw*(u)R?,(r-u)du  (IH-35) 

Then,  Eq.  (III-34)  will  take  the  form, 

l^z*ir)<ir[Rtr{r)~j^liti{r-u)  uduWu]  +  /^z(r)(/rfR,^(r)  -  j^R*(r-u)u/*(u)rfu]  —  0  (111-36) 

Now,  if  I'  is  defined  as 


JU\) 

d\ 

Applying  this  to  Eq.  (Ill 
optimum  weighting  (tine 
becomes  - 

l»(/)l5 


U  f0  z*(r)ar[Rlr{r)  -  j"°Rtl[r  ~u)w{u)du] 
then  bq.  (UI-30)  has  the  form 

V  +  U*  =«  C 


(HI-37) 


If  U  were  a  pure  imaginary  it  could  satisfy  Eq.  (111-3  7),  but  since  U  is  a  function  of  z(r),  which  is  completely 
arbitrary,  then  U  must  be  arbitrary.  It  follows,  therefore,  that  U  must  be  zero.  Then 


-  (T*. ,(<■-*)  <*(«■)-'*]  •  0 


(HI-38) 


or,  since  z(r)  is  arbitrary, 

R1>(r)-jpJjl-(r-n)wUi)«'«  =  0  for  rsO  (111-39) 

Finally,  replacing  wiv)  by  Mu),  with  the  same  definition  as  the  "best”  weighting  function, 


R,  ,{t)  —  b{u)  R„{r  ~  u)  du 

!  which  is  the  same  as  Eq.  (Ilf-26),  the  previously  given  answer. 


(111-40) 
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Returning  to  the  main  argument,  we  can  compare,  for  the  case  of  the  simple  nonlinearity  previously 
considered,  the  result  of  the  use  of  this  general  linearization  with  the  result  obtained'for  the  puie-gain-previousiy 
assumed.  For  a  pure  gain  to  be  the  best  linear  approximation  in  this  case  requires 


ft: 


f?  - 


«i,(0  -  KRii(r) 


(111-41)  x. 


If  the  input  were  a  -  :ne  wave,  Eq.  (HI-41)  would  be  valid;  e.g.,  the  sinusoidal  describing  function  for  limiting  has 
already  been  shown  to  'a  pure  gain.  Also,  since  a  Gaussian  process  can  be  thought  of  ,<s  being  the  equivalent 
of  a  signal  consisting  of  an  infinite  number  of  sinusoids  of  random  amplitudes,  different  freq  ienc ies,  and  random 
phases,  Eq.  (IU-41)  will  also  be  valid  for  inputs  with  Gaussian  amplitude  distributions.  For  other  inputs  with  dif¬ 
ferent  amplitude  distributions,  Eq.  (IH-41)  wilt  generally  not  hold,  and  the  best  linear  approximation  may  be  fie- 
qucncy  sensitive.  In  any  event,  it  is  comforting  that  Gaussian  input  describing  functions  for  simple  nonlinearities 
will  be  amplitude,  i.e.,  variance,  sensitive  pure  gains,  and  that  a  strong  conceptual  tie  exists  between  the  simple 
sinusoidal  describing  function  and  the  more  complex  one  with  Gaussian  inputs.  In  particular  it  is  important  to  note 
that  Gaussian  input  describing  functions  for  simple  nonlinearities  can  be  readily  derived  from  Eq.  (Ill- IP),  which  u< 
repealed  below  in  its  proper  form  for  Gaussian  inputs. 


» 

j^,x/{x)p(x)dx  £x /(x)e  2a‘dx 

fZ^pMdx  “  ' 


(111-42) 


For  complex  nonlinearities,  Eq.(HI-26)  permits  a  direct  approach  to  the  determination  of  the  "best" 

Gaussian  i pr.nr  <{**,,-, thing  function  ft  ,tnnn  nm,  however,  provi-de  a  rnmplereiy  happy  ending,  A  major  problem 
still  exists  in  the  determination  of  the  cross-correlation  and  autocorrelation  functions..  In  all  but  a  few  special 
cases  the  cross-correlation  is  most  cusity  obtained  experimentally.  Here  one  comes  to  the  real  value  of  the  statis¬ 
tical  input  describing  function  since  it  adds  a  final  piece  of  information  to  a  wide  body  of  theory  upon  which  an 
extremely  valuable  technique  for  system’s  evaluation  can  be  baEed.  The  general  concepts  of  this  method  will  be 
discussed  in  a  succeeding  sub-section. 

Finally,  it  should  be  noted  that  ail  of  the  preceding  discussion,  for  both  sinusoiJal  and  random  input 
describing  functions,  has  been  on  the  equivalent  linearization  of  a  general  system  containing  nonlinearities,  where 
the  inputs  to  the  nonlinear  elements  have  been  known.  When  the  quasi-linearization  technique  is  applied  to  a 
control  system  employing  feedback,  the  situation  is  complicated  by  the  fact  that  the  input  to  the  nonlinear  element 
also  depends  upon  its  response.  To  determine  the  equivalent  linear  transfer  function  then  requites  a  knowledge  of 
the  probability  density  function  of  the  actual  input  to  the  nonlinearity,  and  not  merely  that  of  the  system  forcing 
function.  This  can  lead  to  a  difficult  situation.  Although  a  general  situation  can  be  very  difficult  to  analyze, 
considerable  simplification  is  often  possible  for  both  the  sinusoidal  and  Gaussian  input  describing  functions.  This 
i _  -J ’ , -  t*  .b?  heppy  c ircvrastenec  that  i:-  Shtear  -fystem  havioc  either  "  “irmsoidal  or  Gaussian  input  all  the  other 
signals  in  the  system  are  also  sinusoidal  or  Gaussian.  If  a  nonlinearity  exists  in  the  system,  the  sinusoidal  or 
Gaussian  nature  of  the  signals  is  destroyed,  but  due  to  the  low-pass  nature  of  most  control  systems  the  input  to  the 
nonlinearity  may  still  be  approximately  sinusoidal  or  Gaussian.  Therefore,  the  application  of  these  types  of  quasi- 
linearized  describing  functions  is  often  valid,  even  when  the  nonlinearity  is  strong. 


3.  The  Stop  Input  Daierlbing  Function 

Essentially  the  same  notions  previously  applied  to  the  cases  of  sinusoidal  and  random  appearing  inputs 
can  be  applied  to  the  case  when  transient  inputs  are  applied. t  Here  again  one  uses  the  fundamental  principle  that 
the  quasi-iinear  representation  of  the  system  must  be  based  upon  irs  actual  input,  or  one  which  approximates  the 
actual  input  as  closely  as  possible.  In  the  present  report,  the  most  important  transient  describing  function  is  that 
for  step  inputs,  so  it  wilt  be  the  only  one  discussed  in  detail. 

In  the  case  of  the  sinusoidal  and  Gaussian  input  describing  functions  we  can  deal  fairly  exclusively 
with  single  elements  rather  than  with  closed  loop  systems  since,  in  both  cases,  all  of  the  signals  in  a  linear  system 

t  Much  of  the  early  nodi  oo  transient  input  deswiibiag  functions  is  due  tv  Chen  [1!]. 
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wiii  have  the  same  form  as  the  input.  In  the  case  where  transient  inputs  are  used  as  the  basis  for  the  definition  of 
describing  functions  these  considerations  are  no  longer  valid.  This  is  due  to  the  fact  that  the  form  o!  a  transient 
input  into  a  nonlinear  c  ement  depends  upon  location  of  the  element  within  the  closed  loop  syatemlto  a-much-gfeoter  - 
extent  than  in  the  case  of  sinusoidal  or  Gaussian  inputs.  Therefore,  a  given  nonliuearSlement_si«:h  as  limitIngisr.>=  i--7 — . 
does  not  have  a  practically  useful,  essentiallyoinique,  transient  describing  function.  On  theIj)ther^hand,;a-give'h^,-^ar~^ 
control  system  does  have  such  a  transient  describing  function.  To  illustrate  these  ideas  and  die  general  method  of 
obtaining  transient  input  describing  functions,  consider  the  system  of  Fig.  9-  Here  a  step  function  is  applied  to  a 
closed  loop  system  consisting  of  a  limiter  and  a  pure  integration. 


Figure  9.  Block  Diagram  of  a  Simple  Fei-dbnck  System  Containing  a  Limiter. 


If  the  input,  1  (/) ,  is  a  step  function  of  magnitude  n,  where  o  is  greater  than  unity,  then  the  limiter  out¬ 
put  immediately  following  t  -  0  will  be  unity  and  r(t)  will  be  equal  to  Kt  until  a  time  t  equal  to  Therefore 


Figure  10.  Limiter  with  Actual  Input  and  Output. 


between  the  times  given  by  0<f  <(n-l)/K,  the  actual  input  to  the  nonlinear  element  is  f(()  =  n-Kt.  This  can  be 
considered  to  be  the  proper  signal  to  use  as  a  "test"  of  the  limiter  to  determine  its  output,  as  shown  in  Fig.  10. 

The  limiter  can  then  be  replaced  by  an  equivalent  linear  clement  and  an  additional  input,  or  remnant,  signal.  This 
is  shown  in  Fig,  11,  where  the  linearized  transfer  characteristic  of  the  limiter  is  its  gain  in  the  unlimited  region 
(unity)  and  the  remnant  signal,  nil),  accounts  for  the  discrepancy  when  the  limiter  operates  in  the  saturated  region. 
The  remnant  signal,  «(<),  can  be  put  into  a  form  derivable  from  the  input  directly,  as  shown  in  Fig.  12.  The  transfer 
function  giving  a(f)  from  the  input,  i(t),  will  be  called  Y„(s),  and  can  be  seen  to  be  given  by: 


One  can  now  replace  the  nonlinear  element  by  its  equivalent  linearized  blocks,  as  shown  in  Fig.  13-  Finally,  this 
block  diagram  can  be  manipulated  to  give  the  equivalent  block  diagram  of  Fig.  14.  This  is  the  effective  linearized 
system,  and  shows  rather  nicely  several  interesting  aspects  of  nonlinear  systems.  First,  it  is  noticed  that  the 
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Figure  13-  Equivalent  Block  Diagram  of  System  with  Limiter. 
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effects  of  the  nonlinearity  in  this  case  can  be  approximated  by  inserting  a  particular  linear  network  outside  the 
closed  loop.  Second,  it  is  observed  that  the  characteristics  of  this  linear  transfer  function  are  function?  of  iNiii 
the  input,  n,  and  the  characteristics  of  the  system,  in  this  case  K.  In  essence,  the  effect  of  the  ftonlineudty  has 


Figure  M  Modified  Equivalent  Block  Diagram  of  System  with  Limiter, 


been  represented  by  a  closed  loop  linear  system  operating  into  a  linearized  transfer  characteristic  which  depends 
upon  the  nonlinear  element,  the  input,  and  system  parameters.  In  general,  this  sort  of  representation  will  always 
he  possible  with  systems  having  single,  simple,  piecowise-linear  elements  within  the  loop.  It  can  often  be  applied 
when  more  than  one  nonlinear  element  is  present,  though  the  complexity  in  applying  the  method  increases  rapidly 
with  the  number  of  nonlinear  dements.  The  fundamental  problem  in  the  method  is  involved  in  finding  the  transfer 
function,  which  relates  the  output  of  the  linearized  closed  loop  system  to  the  actual  approximate  output,  i.e., 

that  element  which  given  an  “equivalent”  effect  of  the  nonlinearity. 

1/bcn  the  nonlinearity  is  a  complex  one  such  as  hysteresis,  backlash,  etc.,  but  Can  still  be  represented 
by  piecewise-linear  characteristics,  the  problem  of  a  quasi-linearization  is  much  more  difficult.  Also,  in  these 
cases  the  effect  of  the  nonlinearity  cannot,  in  genera!,  be  taken  care  of  by  a  block  external  to  the  closed  loop. 

C.  THE  MEASUREMENT  OF  GENERAL  SYSTEM  QUASI-LINEAR  DESCRIBING  CHARACTERISTICS 

A  primary  intent  of  the  last  section  was  to  develop  general  notions  about  describing  functions  so  that 
they  could  be  used  as  fundamental  techniques  in  the  description  of  the  human  operator  for  a  restricted  and  specific 
set  of  conditions.  By  utilizing  these  concepts  we  can  often  preserve  to  some  extent  the  simplicity  of  linear  models 
without  serious  sacrifice  of  accuracy  in  describing  the  system  characteristics. 

As  a  design  cool  the  sinusoidal  input  describing  function  technique  has  great  application  in  estimating 
stability  with  known  nonlinear  elements  and  in  interpreting  harmonic  response  results.  The  statistical  input  de¬ 
scribing  functions  have  great  value  as  indicators  of  performance  in  situations  where  the  general  types  of  inputs  are 
statistical  .in  nature.  But  perhaps  the  greatest  meric  of  statistical  input  describing  functions  lies  in  the  fact  that 
they  provide  a  fairly  firm  theoretical  edifice  for  the  measurement  and  equivalent  linearization  of  quite  general  sys¬ 
tems  which  may  incorporate  components  having  unknown  characteristics.  As  examples  of  such  systems  one  could 
include  things  as  complex  as  the  economic  system  and  as  simple  as  an  optimalizing  positional  servo.  Another 
excellent  example  is  the  problem  considered  in  this  report  —  that  of  characterizing  the  dynamics  of  human  operators 
in  various  tracking  tasks. 

Having  noted  the  general  usefulness  of  the  describing  function  as  a  basis  of  measurement,  it  now  be¬ 
comes  necessary  to  develop  an  abbreviated  body  of  theory  upon  which  to  proceed.  In  the  present  instance,  the 
chief  concern  is  that  of  measuring  human  operator  characteristics  while  operating  in  a  closed  loop  task  with  random 
appearing  inputs.  The  random  appearing  inputs  used  in  the  fundamental  measurements  have  been  either  several 
non-harmonically  related  sine  waves  or  functions  having  Gaussian  amplitude  distributions.  The  following  formula¬ 
tion  is  general  enough  to  apply  to  either. 

Before  proceeding  with  the  detailed  development  of  the  quantities  important  in  measurement,  it  is  de¬ 
sirable  to  make  some  comments  about  the  general  form  in  which  these  results  should  be  obtained.  Most  of  the 
development  discussed  to  this  point  has  been  in  terms  of  time  functions,  i.e.,  auto  and  cross-correlation  functions, 
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weighing  functions,  etc.  Much  of  this  has  been  fat  analytical  convenience  and  to  enable  the  Rader  to  tefei  easily 
to  the  referenced  sources.  All  of  the  results  obtained  in  terms  of  lime  functions  can  be  interpreted  equally  well  in 
the  transform  domain,  since  all  of  the  functions  concerned  can  be  considered  to  have  Fourier  transforms.'  F or  ex¬ 
ample,  the  Fourier  transform  of  the  autocorrelation  and  cross-correlation  functions  ate  the  power  spectral  density 
and  cross-spectral  density,  i.e.,  the  spectral  density,  is  _ _  _ _ 

*!.<«*)  =  2X“««We-^dr 


and  the  cross-spectral  density,  Qjjcn)  is 

—  2/.“ffj,(»)e*t"r(fr 

Just  as  the  cotrelation  functions  aic  defined  in  terms  of  the  time  signals,  the  spectra  are  defined  in  terms  of  the 
Fourier  transforms  of  the  time  signals.  If  l(joi)  and  R(jo>)  are  the  Fourier  transforms  of  i(r)  and  r(t),  then  the  spec¬ 
tral  density  4^  is 

*»  =  jiz  y[/*(.Ku)/(,<u)i  =  /»  A :|iy«)|* 

and  the  cross  spectrum,  <l>v(/o>)  is 

*«.  -  jiZ±lr(ja)R{j*)] 

Because  of  this  duality  between  tile  time  and  frequency  domains,  we  could  conceivably  take  our  mea¬ 
surements  using  either  type  of  function.f  As  an  aid  in  deciding  which  type  to  use,  we  can  consider  three  aspects 
of  the  problem.  These  are! 

(1)  The  desired  form  of  the  end  result. 

(?)  The  relative  difficulty  of  data  reduction. 

{'$)  The  adequacy  of  the  data  in  a  reduced  form. 

The  answer  to  the  iirs;  item  is  s:raightforwatd  wbep  part  of  the  final  result  is  to  be  either  a  transfer  function  or  a 
weighting  function  ioh  is  to  be  further  analysed  and  interpreted.  While  these  two  functions  arc  transforms  of  one 
another,  the  transfer  Junction  is  by  far  the  easiest  to  manipulate.  When  the  simple  practical  advantages  of  Bode 
plots  are  also  considered,  particularly  in  terms  of  one’s  ubility  to  curve-fit  such  diagrams,  the  transfer  function  is 
definitely  the  preferred  form. 

Regarding  the  second  icem,  the  technique  chosen  for  effecting  che  data  analysis,  and  the  amount  of 
computation  noise  which  is  tolerable  determine  che  decision.  Thus,  if  one  is  in  o  position  to  use  analog  filter 
techniques  on  the  data,  the  calculation  of  spectra  is  indicated  since  frequency  analysis  is  a  straightforward  ana¬ 
logue  computation,  whereas  die  computation  of  lagged  products  is  somewhat  more  difficult.  If  one  is  able  to  use 
high  speed  digital  machines,  and  these  machines  ate  reasonable  for  che  problem  involved,  there  is  little  to  choose 
•  computationally  between  a  frequency  or  a  time  domain  description  of  the  data.  Although  procedurally  the  computa¬ 
tion  of  correlations  would  precede  the  computation  of  spectra  on  such  machines,  the  added  machine  manipulations 
do  not  constitute  a  substantial  argument.  Perhaps  the  only  computational  excuse  for  not  computing  spectra  would 
arise  when  individual  desk  calculators  were  being  used  to  reduce  the  data.  In  such  a  primitive  example,  the  added 
labor  burden  might  argue  against  transforming  tbe  correlations.  This  situation  is,  however,  quire  remote. 

The  third  item  is  the  real  clincher  for  the  outright  reduction  of  data  into  spectral  form.  In  any  measure¬ 
ment  program  involving  complex  operations  it  is  extremely  desirable  to  have  some  notion  of  the  adequacy  of  the 
results.  The  defining  equations  for  correlations  and  spectra  involve  time  averages  over  intervals  which  in  the 


t  Thu  duality  exists  precisely  ouly  lot  the  complete  intent  sis.  la  the  practical  case,  *-th  linire  limits  on  tbe  integrals  and  re¬ 
stricted  amounts  of  data,  it  ia  probably  wise  to  compote  directly  the  quantity  ultimate)  tired.  This  avoids,  to  some  extent 
at  least,  "the  twin  dangers  of  cascaded  mathematical  approximation  and  complex  propagation  of  statistical  fluctuations." 
(Tultey,  80.] 
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limit  approach  infinity.  Clearly  then  any  empirical  data  must  be  interpreted  as  estimates  of  the  true  values  of  the 
desired  quantities.  Although  the  theory  for  sampling  errors  In  correlation  functions  results  in  cumbersome  formula¬ 
tions,  Tukey  and  others  [4, 8,  37, 38, 65, 75, 80,81]  have  developed  straightforward  techniqueg  fot  assigning  aaippUhii 
error  confidence  limits  to  spectra.  Unfortunately,  the  assignment  of  confidence  limits  to  cross  spectra  has  not  as 
yet  been  presented  in  a  reasonably  simple  way.  Heuristic  efforts  have  been  m@de.t53l  and  mote  rigorous  develop¬ 
ments  are  presently  nearing  completion. t  .  .  v. — - — 

For  these  reasons,  we  can  conclude  that  the  use  of  the  spectral  form  of-  the  data  is  preferable,  at  least 
at  the  present  time.  The  following  developments  therefore  use  spectral  terms  almost  entirely. 

The  fundamental  control  situation  to  be  considered  is  illustrated  in  Fig.  15,  where  a  compensatory 
system  is  used  for  simplicity.  In  this  block  diagram,  the  action  of  the  human  is  represented  by  the  weighting  func¬ 
tion,  yp(r),  which  operates  on  the  error,  and  a  remnant,  ne(r).  The  input  to  the  operator  is  the  error,  r(t),  and  he 


Additional  Quantity  nr(t)  | 
injected  by  • 

the  Operator  | 


i(r)  ok  i  +  -o,  p  ' 


FORCING  ERROR  | 
FUNCTION  I  ? 


>>{ r) 

WEIGHTING  FUNCTION 

+' 

c(f)  OR  C 

yc(r)  OK  YA/bj) 

Vpf/tu) 

CONTROLLED 

ELEMENT 

TRANSFER  FUNCTION 

r(t)  OR  R 


HUMAN  OPERATOR 


Figure  15.  Block  Diagram  Showing  Human  Operator  in  Continuous  Control  Task. 


controls  the  controlled  element  which  includes  the  dynamics  of  everything,  other  than  the  operator,  that  is  present 
in  the  loop,  in  the  problem  at  hand  the  task  is  to  find  the  characteristics  of  the  operator,  i.e.,  yjr)  and  ne(t),  or 
some  closely  related  quantities  from  measurements  made  from  observable  signals  in  the  loop.  The  various  signals 
concerned  are  recapitulated  below,  both  as  rime  functions  and  as  their  transforms.  So  that  the  various  time  func¬ 
tions  may  be  considered  to  have  Fourier  transforms  it  should  be  understood  that  the  time  funecion  used  in  the  trans¬ 
form  is  identical  to  the  actual  lime  function  in  the  intervals  -T<t<T,  ana  is  zero  elsewhere.  That  is,  the  Fourier 
transform  of  a  typical  signal,  will  be  used  as, 


F(/<u)  =  f*TT/U)e-*”Jt ; 


where:  fU)  =  /i(l) ;  -7'<kT 

f[t)  -  0  elsewhere 


On  this  basis  all  of  the  signals  in  the  loop  have  Fourier  transforms.  The  principal  notation  to  be  used  is  summa¬ 
rized  below. 


t3ec  also  Section  Yt-D-3  let  a  more  extensive  qlscuisieu  of  these  points. 
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Time  Pane  lion 
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or 
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Error  Signal  of  the  System;  Input  to  the  Operator . 

HO 

or 

E 

Operator  Output  . 

cU) 

cUuf- 

or' 

C, 

Svstrm  Outpnf  Response? . 

HO 

R(M 

or 

K 

Remnant  at  the  Operator's  Output . 

»A0 

Nj.joi) 

or 

M, 

Operator's  Weighting  and  Describing  Functions . 

y/0 

Yp(ja>) 

or 

Controlled  Element  Weighting  and  Transfer  Functions 

v AO 

YAioi) 

or 

K 

1.  Determination  of  the  Open  Loop  Describing  Function,  Yf 

lrrom  the  block  diagram  it  is  apparent  that  the  operator’s  output  is  given  by 

C  =  Yp  E  +  W, 

itrid  the  error  is  given  by 

IS  -  /  -  fi  -  f-ycf.  I  -  Yc( Yp I-  +  Ne) 

so  that 

C  =  Yp(l-  YcC)  +  Nc 

or 

C(l  i  YtYr)  -  Ypl  +  Nr 
so  that  the  operator's  output  becomes 

Ypt+Nc 

~  UYJp 

which  ir  »•>•  result  previously  given  in  Eq,  fi  ll.  Similarly 


E 


1-Y.N  ' 


(ill-45) 

(111-46) 

(III-47) 

(III-48) 

(IH-49) 


(III-50) 


The  cross-spectral  density  functions  3>;c  and  4>,(  can  be  found  as  follows. 


<*>ic  =  ill  f  (1*0  =  i‘_Z  £[/W«e)C(;<u)] 


_  Ur,  I 

r-=«  i 


[(£$'•]  - 


(HI-51) 


The  quantity,  ^(1*0  is  recognized  as  the  power  spectral  density  of  the  forcing  function,  <t*l,(co) .  The  quantity 
(Nr/*)  is  similarly  recognized  as  the  cross  spectral  density  between  the  forcing  function  and  the  remnant, 
u).  This  cross  spectrum  is  zero,  since  by  definition  Nc  has  no  linear  coherence  with  the  forcing  function  I, 
Then  Eq.  (HI-5 1)  becomes 
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(IU-52) 
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Similarly,  it  can  be  shown  that  the  cross  spectral  density  between  ti:«  error  and  the  input  is 
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Consequently,  the  open  loop  describing  function  Yp  is  given  by 
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2,  The  Spectral  Density  of  the  Remnant 

In  most  instances  the  value  nf  the  open  loop  injected  remnant,  NC1  as  a  Fourier  transform  is  not  a  par¬ 
ticularly  important  piece  of  information.  On  the  other  hand,  the  spectra!  density  of  Nc  is  often  an  extremely  valuable 
"property”  of  an  equivalent  linear  system.  To  find  this  quantity  we  can  form  the  operator  output  power  spectral 
density,  noting,  as  before,  that  the  forcing  function-remnant  cross  spectra  are  zero, 
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In  most  cases  it  is  easiest  to  measure  the  total  output  power  in  terms  of  that  portion  linearly  coherent  with  ihe 
forcing  function  (the  first  term  above)  and  a  remainder  or  "closed  loop”  remnant.  Since  J^/tlt-Y^)  is  recognized 
as  a  closed  loop  describing  function,  H,  and  defining  1 1/(  1  +  )J,yc)| 2  as  the  closed  loop  remnant  spectral  density 

^wn  can  write  Ea.  (III-55)  as 

=  |H|J®u  +  ®„  (III-56) 


The  possible  sources  and  points  of  injection  of  the  actual  quantities  composing  the  closed  loop  remnant  will  be 
discussed  later.  For  the  present,  the  terra  <!>„„  is  preferred  since  it  represents,  without  regard  to  origin,  the  total 
portion  of  the  operator's  output  power  which  is  not  linearly  coherent  with  the  input. 


3.  Powar  Spectra  of  the  Error  and  the  Mean  Squared  Error 

The  power  spectral  density  of  the  error  can  be  found  in  several  forms.  The  most  obvious  is  simply 
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which,  in  terras  of  the  closed  loop  transfer  function,  is 
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Ail  equivalent  expression  can  be  found  from  considering  Eq.  (111-46).  In  this  instance 
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A  common  performance  parameter  in  many  systems  is  the  mean  squared  error.  By  definition,  the  mean 
squared  error  is  given  by 

tty)  =r ££*(/)<*  “  <111-60) 

This  is  related  to  the  spectral  density  of  the  error  by  the  expression 

<~(0  =  (I11-6D 

The  mean  squared  error  could  then  be  found  either  by  inserting  (III-5S)  or  (HI-59)  into  (HI-61).  Oftentimes  the  ratio 
of  rhr  mean  squared  error  to  the  mean  square  forcing  function  is  an  interesting  measure  of  system  performance. 
This  quantity  will  be,  using  equations  (111-59)  and  (111-61), 
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4.  I  he  Definition  of  the  "Uinear  Correlation"  and  the  Signal  to  Noise  Ratio 


In  general,  one  tends  to  have  the  most  confidence  in  the  describing  function  technique  when  the  quasi- 
lincar  transfer  function,  by  itself,  provides  an  adequate  representation  of  the  system,  i.e.,  when  the  remnant  term  is 
relatively  small.  In  practice  this  means  tiiat  if  (Ik  remnant  is  small,  tire  analyst  can  ignore  its  effect.  When  (lie 
remnant  is  large,  ugly  suspicion  will  arise  that  some  important  nonlinear  rffects  may  be  occurring,  and  the  analyst 
is  then  farced  into  the  often  difficult  cask  of  trying  to  explain  the  source  of  the  remnant  on  a  basis  consistent  with 
the  initial  assumptions  of  quasi-linearity.  If  this  process  meets  with  little  success,  as  would  occur  when  the 
temnant  was  large  and  strongly  correlated  in  a  nonlinear  fashion  with  the  forcing  function,  the  only  recourse  is  to 
abandon  the  describing  function  concept  and  attempt  to  determine  nonlinear  approximations  for  the  system. 

In  any  event,  it  is  desirable  to  liavp  a  means  of  relating  the  amount  of  linearly  correlated  output  to 
total  output.  This  fraction,  called  the  linear  correlation,  can  b»  found  directly  from  Eq.  (111-56).  The  fraction  of 
the  linearly  correlated  output  power  spectrum  to  the  total  output  power  spectrum  is  the  square  of  the  linear  correla¬ 
tion,  p,  and  is  given  by 
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If  one  prefers  to  think  in  terms  of  a  signal  to  noise  ratio,  then  since 
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the  output  signal  to  noise  power  ratio  will  be 
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The  linear  correlation  can  also  be  found  in  terms  of  the  cruss-correlation  function  between  the  forcing 
function  and  operator  output,  since,  by  Eq. (01-52), 
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In  practice,  Eq.  (III-68)  is  used  to  find  p,  which  is  -hen  normally  used  to  compute  the  closed  loop  remnant 


5.  The  Possible  Sources  of  the  Remnant  Term 

That  portion  of  the  operator's  output  which  is  not  linearly  coherent  with  the  forcing  function  can  often 
be  a  large  and  significant  portion  of  the  operator  description.  From  an  experimental  point  of  view  the  total  remnant, 
due  to  nil  sources,  is  conveniently  lumped  in  the  term'hnn,  which  we  have  previously  called  the  closed  loop  remnant 
at  the  operator’s  output,  htom  the  standpoint  of  the  analyst,  the  possible  underlying  sources  of  this  remnant  arc 
extremely  important,  so  some  discussion  of  these  is  necessary  here. 

Fundamentally,  the  remnant,  •b™ ,  is  the  power  spectral  density  of  all  of  the  operator’s  output  which  in 
imt  linearly  coherent  with  the  forcing  function,  i.e.,  which  cannot  be  "explained”  as  the  result  of  a  linear  operation 
on  the  system  input  by  the  action  ot  the  operator.  Iberefore,  in  a  given  situation,  components  of  <I>„„  could  result 
from  the  following  sources: 

a.  Operator  Responses  to  Other  Inputs  —  Operator  responses  tn  inputs  other 
than  the  supposed  system  forcing  function  could  exist  in  two  categories, 

(1)  The  result  of  a  linear  operation  by  the  operator  on  these  other  inputs. 

(2)  The  result  of  nonlinear  operation  on  these  inputs. 

b.  Nonlinear  Transfer  Behavior  —  Nonlinear  operation  by  the  operator  on  the 
forcing  function.  The  portion  of  the  remnant  due  to  this  source  would  be  coherent 
with  che  forcing  function  by  some  nonlinear  correlation. 

c.  Infection  of  Noise  Into  the  Loop — Injection  of  ’’noise”  into  the  loop  which  is 
completely  uncorrelated  with  the  forcing  function,  i.e,,  is  unexplained  by  any 
linear  or  nonlinear  correlation.  This  noise  could  be  injected  at  any  place  within 
the  operator's  "block”  in  the  system  block  diagram,  though  it  is  usually  most 
convenient  to  consider  it  as  being  lumped  at  the  input  and/or  the  output  of  the 
block  representing  the  linear  operation  of  the  operator. 

d.  Nonsteady  Behavior  of  the  Operator — The  variation,  during  a  measurement 
tun,  of  the  operator’s  linear  transfer  characteristics.  Dy  necessity,  the  describing 
function  is  found  experimentally  by  the  use  of  fairly  long  runs,  e.g.,  two  to  four 
minutes.  In  particular  portions  of  these  runs  the  operator  may  be  responding  in 
one  linear  fashion  which  is  changed  to  various  other  linear  modes  of  behavior 
during  other  portions  of  the  tun.  The  measured  describing  function  is,  of  course, 

a  particular  kind  of  "average"  of  all  these  characteristics,  and  hence  cannot 
"explain"  all  of  the  actual  output  power.  This  type  of  behavior  has  sometimes 
been  called  "nonstationary"  operation  of  the  operator,  but  in  this  report  it  will 
be  called  "nonsteady"  behavior  to  avoid  confusion  with  the  term  nonstationary 
as  applied  to  time  series. 

Each  of  the  above  sources,  with  the  exception  of  item  a(l),  will  be  considered  in  more  detail  in  the 
following  discussion. 
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a.  Operator  Roiponto  to  Other  Input* 

To  see  the  general  effects  of  an  additional  input  on  the  remnant  term  consider  the  two  block  diagrams 
of  Fig,  16.  In  the  single  input  system  of  Fig.  16a  the  spectral  density  of  the  operator’s  output,  is  given  by 
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b.  Double  Input  System. 
Figure  16. 


In  the  double  input  system  of  Fig.  166,  for  which  /,  and  /j  are  independent,  the  spectral  density  of  the  operator’s 


are  taken  on  a  system  such  as  that  in  Fig.  166,  bit  the  assumption  is  made  that  the  system 
Fig.  16a  (which  might  be  done  because  the  existence  of  the  second  input,  <J»U  ,  js  not  known), 
nd  linear  correlation  would  be 
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Th«  actual  remnant  and  linear  correlation  of  the  two-input  system  would  be,  of  course. 
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The  ratios  of  actual  to  observed  remnants  and  linear  correlations  nre  then 
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From  Fq.  (III-73)  it  can  he  seen  readily  that  the  operator’s  apparent  remnant  could  be  higher  and  the  linear  correla¬ 
tion  lower  if  all  the  inputs  were  not  taken  into  proper  account.  While  this  statement  is  aimost  a  truism,  improper 
consideration  of  all  inputs,  nonetheless,  represents  »n  impo-'ent  source  of  an  observed  remnant. 


b.  Nonlinanr  Transfer  Behavior 

With  sinusoidal  forcing  functions  the  existence  of  nonlinear  transfer  characteristics  would  require 
harmonics  in  the  output.  When  the  forcing  function  is  Gaussian,  an  analogous  phenomena  will  occur,  with  the 
remnant  containing  power  at  all  harmonics  of  the  random  amplitude  and  phase  sinusoids  which  can  be  Brought  of  us 
making  up  the  Gaussian  forcing  function.  This  means  that  one  necessary  condition  for  the  existence  of  nonlinear 
transfer  characteristics  is  remnant  power  at  frequencies  other  than  those  represented  at  substantial  power  levels 
in  the  forcing  function  spectrum.  However,  the  mere  existence  of  considerable  remnant  power  outside  the  effective 
bandwidth  of  the  forcing  function  is  not  a  sufficient  condition  for  the  existence  of  nonlinear  behavior  in  the  trans¬ 
fer  characteristic,  since  injected  noise  can  lead  to  the  same  result. 

A  necessuy  and  sufficient  condition  for  nonlinear  transfer  behavior  is  present  when  the  describing 
function  is  dependent  upon  forcing  function  amplitude.  This  possibility  may  be  readily  checked  experimentally  by 
using  more  than  one  amplitude  for  the  forcing  function  (at  equivalent  spectrum  shapes  and  bandwidchs). 

If  the  describing  function  for  a  given  forcing  function  shape  and  bandwidth  does  have  a  distinct  ampli¬ 
tude  dependence,  then  the  next  step  is  an  attempt  to  isolRte  the  probable  causes.  This  process  is  essentially  one 
of  decomposition  of  the  describing  function  parameters  into  those  that  are  dependent  on  the  input  amplitude  and 
those  that  are  not.  Further  examination  of  the  amplitude  dependent  parameter  will  then  often  lend  fairly  directly 
to  the  possible  source.  For  example,  if  one  had  a  measured  transfer  function  having  an  approximate  analytical 
model  K(o)/(Tfs  1 1),  and  plotting  KM  versus  o  resulted  in  a  plot  that  looked  similar  to  Fig.  8,  then  one  would  sus¬ 
pect  that  a  limiter  was  present.  This  type  of  detective  work  can  often  be  used  quite  successfully,  but  one  should 
remember  that  the  validity  of  the  procedure  depends  upon  the  assumption  that  the  element  input  signal  is  essential5'/ 
Gaussian  (if  the  forcing  function  is  Gaussian). 


c.  Injection  of  Nolle  Into  tho  Loop 

A  portion  of  the  remnant  may  result  from  the  injection  into  the  loop,  by  the  operator,  of  an  extraneous 
signal  uncorrelated  with  the  forcing  function  signal.  Its  point  or  points  of  injection  could  be  almost  anywhere 
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within  the  human  operator  block  in  the  block  diagram.  Since  the  operator,  is -considered... to  have  only  two  terminals, 
i.e.,  an  input  and  an  output,  the  experimenter  can  measure  o'hiy  che'  effects, 'qf  the  ajtttaneous  signals^at  thMUt]^^ 

The  exact  locations  and  forms  of  components  of  this  overall  signal  are  therefore  impossible  to  dewriiiine  hyrexperi:  r?-“ 
mental  techniques  based  only  upon  this  type  of;  two  isriafien..poasibi£tiitsh«mrriftf rj: 

suitable  models ,  based  upon  other  data  and  reasonable- assumptions,  might  resultdn  an  effect  at  the  output  equivalents 
to  that  actually  observed.  To  gain  insight  into  the  pdssible'fotnis  of  these  models  it  is  often  valuable  to  take  the  ’ 
measured  closed  loop  remnant  data  and  transcribe  it  into  equivalent  open  loop  data.  This  is  generally  done  assuming 
that  all  of  the  $nn  term  is  due  to  (lie  injection  uf  an  extraneous  signal  at  a  particular  point  in  the  control  loop.  For 
example,  if  all  of  the  closed  loop  is  assumed  to  be  due  to  noise  injected  by  the  operator  at  his  output,  then  the 
power  spec  ral  density  of  this  open  loop  output  noise  will  be  (see  discussion  preceding  Eq.  (111-56)) 
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On  the  other  hand,  if  all  of  the  closed  loop  <bu  is  assumed  to  come  from  noise  injected  by  the  operator  at  his  input, 
then  the  power  spectral  density  of  this  open  loop  operator  input  noise  will  be 
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If  the  operator’s  transfer  block  is  broken  down  into  a  more  detailed  block  diagram,  other  sources  could  also  be 
considered  in  a  similar  fashion. 

flnrr  I  hr  remnant  term  is  placed  in  one  of  tliese  open  loop  forms  tiler  analyst  can  alirmpt  to  derive  some 
model  which  appears  to  fit  the  data.  This  is  a  powerful  technique  in  many  cases,  and  can  often  lead  to  considerable 
insight  into  what  may  actually  be  occuting  in  the  system. 


d.  Non  steady  Behavior  of  the  Operator 

During  any  measurement  run  we  would  expect  the  operator  to  vary  his  transfer  characteristics  to  some 
extent,  and  this  variation  of  transfer  characteristics  will  have  a  distinct  influence  on  the  operator's  output  power. 
In  ocher  wordi,  we  would  expect  the  actual  system  linear  transfer  charatteiisiic  to  be  given  by  some  system  func¬ 
tion  I  Hj  to  it)  instead  of  simply  H(jo>) .  This  possibility  immediately  brings  up  two  important  problems, 

(I)  If  the  system  function  is  time  varying,  i.e.,  given  by  H(jar,t)  instead  of  f!(jo>) , 
what  is  the  output  power  spectral  density!,  and 

(II)  What  portion  of  the  output  spectral  density  of  (i)  is  linearly  coherero  wish  the 
(vicing  (unction,  i.e.,  capable  of  being  "explained"  by  some  tranufer  characteristic 
derived  from  a  cross-correlation  measurement? 

If  part  of  the  output  power  of  item  (i)  is  not  "linearly"  coherent  with  the  forcing  function,  in  the  sense  mentioned 
above,  then  chat  portion  is  a  possible  source  of  remnant  power. 

Looking  at  the  second  question  first,  the  operator’s  output,  c(»),  is  given  by 

<■(/)  =  T'[H{jay,t)Kjw)]  (IU-76) 

As  written,  Eq. (111-76)  is  obviously  linear,  though  the  equivalent  differential  equation  would  have  time  varying 
coefficients.  The  reader  could  quite  logically  comment  that  any  output  power  due  to  the  transfer  characteristic 
Hijtoit)  would  be  "linearly  coherent”  with  the  input,  since  H(jto-,t)  is  a  linear  operator.  In  the  sense  used  here, 
however,  linear  coherence  refers  to  that  portion  of  the  output  given  by  the  operation,  upon  the  forcing  function,  of 
a  transfer  characteristic  derived  fiom  cross-correlation  measurements.  From  this  point  of  view  it  is  not  obvious 
that  aii  of  the  output  power  due  to  operation  upon  the  input  by  a  linear  system  function  H{jto,t)  will  be  linearly 
coherent  with  the  input.  Exploring  this  further,  the  forcing  function-operator  output  cross  correlation  is 
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«toW  -  liZ-£f%«‘)cU+r)di 

=  £>(ta  »+r)/0«)^"*rf«j*  (ni-77) 


To  apply  this  result  directly  to  our  problem,  we  shall  assume  that  the  describing  function  varies  about 
some  average  value  during  a  run,  thereby  becoming  a  time  varying  describing  function.  If  we  assume  that  the  time 
variation  is  separable  from  an  "average”  transfer  characteristic,  which  is  a  frequency  function  only,  then 

H(jco;t)  =»  H£ju)  +A//(r)  and  H(jm\t*r)  —  Hfjci)  +AH(r+r)  . 

Equation  (III-77)  then  becomes, 

*.c«  -  riw^/-rr«'(‘)[2“ (HI-78) 


Consider  only  the  second  term  on  the  right  hand  side  of  Eq.  (HI-78).  This  becomes 

Hi 27- (-t'0> Mi'”) Ou«> d^d,  -  $*)*"<*+ **  fu-7?) 


or,  alternatively, 


2“  C '</«>> \rZ  jfgmW+t) | *» 


In  examining  these  integrals,  each  of  whirh  is  the  time-varying  portion  of  the  cross-correlation,  there  are  two 
interesting  cases  to  consider. 

Com  1:  A H(t)  is  an  analytic  function.  AW(/  +  r)  can  then  be  expanded  into  a  Taylor's  scries  as 


A  H(m) 
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Substituting  Eq.fin  80)  into  Eq.(III-79),  we  can  obtain, 
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Since  j **  ^  fJiHt)dt  is  a  constant,  the  limit  and  integral  enclosed  in  the  brackets  of  Eq.  (HI-81)  will  (if  no  further 
restrictions  are  placed  upon  the  functions), 


a.  diverge  if  n>0 

b.  be  equal  too*  if  »-=0 

The  instance  for  n>  0  is  the  Important  case  since  for  n  =0  there  is  no  time  variation  in  the  transfer  function.  Because 
we  aiways  have  finite  run  lengths,  however,  the  term  in  brackets  will  generally  have  a  finite  value,  giving, rise  to  a 
measured  cross-correlatiou  function  which  is  time  varying  and  dependent  upon  run  length. 
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Case  2s  AH(()  is  a  random  function.  If  AM(|)  is  a  random  function  there  are  two  possibilities. 

a.  AH(f)  has  some  coherence  with  i2(t)  and  hence ^wich  Inihis  insianatjche  - 

integral  giving  the  time  varying  portion  ufthe_  cross  •^correlation  will  Have 

and  the  cross-correlation  mea'sufe'tnenfwill  tlieiPtdkS'if intd-account.  r  "fZ  :  T._~ 

b.  AW(()  has  no  coherence  with  iJ(t)  ahd  corrsequehtly-no-cbherence-w'ith  i(r);---_-tcr.  :^r:-^rc~. 
Here  the  cross-correlation  measurement  will  not  take  the  time  varying  charac-. 

teristic  into  account.  The  output  power  due  to  such  a  process  will  then  be  in 
the  remnant  and  die  cross-correlation  will  measure  only  the  "average"  transfer 
function  llff.;ro). 

Vbile  the  possibility  of  an  analytical  time  variation  in  AH(i)  is  by  no  means  ruled  out  at  present,  it  ia 
safe  to  say  that  it  is  improbable  and  so  we  shall  drop  it  from  further  consideration.  A  stochastic  AW(r),  or  n  vari¬ 
ation  over  the  measurement  runs  that  amount  to  almost  the  same  thing  is  quite  possible,  however,  and  hence  such 
a  torm  of  nonsteady  behavior  must  still  be  considered. 

Proceeding  now  to  the  first  question  above,  the  answer  is  readily  at  hand,  fo.  Zsdch  lias  shown  [95] 
that  if  the  system  function  is  H(joy,t)  instead  of  //(/&>),  then  the  output  autocorrelation  function  Kcc(r)  is  given  by 

R«(r)  -  rl[R„„U,c, )*,,(<•>)]  OH-82) 

‘I’,,  is  the  forcing  function  power  spectral  density  and  RHW{r,£ a)  is  the  correlation  function  of  the  system  function,  i.e 

Rm(r,m)  =  FZ-ufilili  <u,t)lH-i<a,t+r)dr  OH-83) 

Using  equation  (III-83), 

-  jiZfpLjUlfyco)  +  Arf(r)] [W0(-/tu)  +  A//(( + r)l sit 

=“  rZift-T  I  W»P  +  mt)HM  +  + r)  +  AH(/)AH(r  ,  r)|* 

-  Ity1*  tyriti *  W“> Hzifl-T^  +  ,)M  +  rZ  jffiMUWnt  I  r) dt  (111-84) 

The  first  and  second  integrals  will  be  zero  if  Aff(t)  is  a  stationary  random  process  of  zero  mean,  and  the  third  inte¬ 
gral  is  just  the  autocorrelation,  RAWAW(r),  of  So  Eq,  (111*84)  becomes 

R„„{t,u)  -  lf/0lJ  +  R4ff4g(r)  (111-85) 

The  autocorrelation  of  the  operator's  output  will  then  be 

RccW  -  3-|[|H,P*i<]+3-'[R41f4W(r)®„]  (ID-86) 

which,  since  Ra/fA#(r)  is  <*  function  of  r  only  becomes 

R«U)  *=  3  •'[!«, l,®«]-rR4H4»(f)R»{f)  (III-87) 

If  we  desire  the  output  spectral  density  rsther  thsn  its  autocorrelation,  then 

=  IH,I  l1*«+3[Rm*WRa(r)l 

£.  w  4uW)  -  w)  <f<u' 

where  is  the  power  spectral  density  of  AW(»),  or  the  Fourier  transform  of  RggA»(r).  This  second  term  is 

due  to  the  nonsteady  behavior  of  the  operator,  and  will  be  denoted  by  the  symbol  4>jUf  for  convenience,  i.e., 
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Then 


■=  3[«MA»(^Ru(r)]  =  £  a)Jof  (in-89) 

4>„(6j)  =  IH/Qu+QihM  v  ~.  :  :  (in-OT) 

Equation  (IH-90)  answers  the  first  question  above,  giving  the  output  power  spectral  density  due  to  the  assumed 
sort  of  nonsteady  operator  behavior. 

in  general,  probably  the  simplest  technique  for  examining  a  remnant  term  suspected  of  being  largely 
power  due  to  nonsteady  operator  behavior  is  to  work  with  the  autocorrelation  functions,  for  then 


and  when  r=0,  2 

„2  _  fa 

ai 


(IH-91) 

(III-92) 


When  none  of  the  above  possibilities,  by  themselves,  are  useful  in  explaining  the  origin  of  a  large 
remnant  term,  one  is  reduced  to  the  inevitable  conclusion  that  either  a  combination  of  sources  exists,  or  very  non¬ 
linear  and/or  nonsteady  b*h"«ior  is  extremely  important  in  the  problem,  if  extreme  nonlinear  behavior  is  the 
answer,  the  quasi-Iinenrization  technique  is  not  too  applicable  and  one  must  seek  a  nonlinear  approximation.  From 
an  analytical  standpoint,  nonlinear  methods  analogous  to  those  quasi-linear  techniques  used  to  this  point  ate  in 
their  infancy  or  nonexistent.  In  terms  of  the  effort  involved,  nonlinear  correlation  methods  make  such  things  as  the 
reduction  of  data  into  cioss  spectra  (which  is  an  onerous,  time  consuming  task)  appear  like  child's  plsy.  Therefott 
if  the  overall  system  is  exceedingly  nonlinear,  in  the  sense  described  above,  the  most  reasonable  step  may  be  to 
adopt  a  purely  empirical  approach  and  attempt  to  find  a  suitable  nonlinear  analog  of  the  operator.  When  analog  cum 
puter  elements  arc  used  in  this  process,  the  overall  nonlinear  problem  can  often  be  fairly  straightforward. 
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Section  IV 

OPERATOR  RESPONSE  TO  SIMPLE  VISUAL  INPUTS 

A.  THE  OPERATOR'S  RESPONSE  TO  SINGLE  VISUAL  -  STEP  INPUTS-.  V ,  . 

One  of  che  simplest  of  tracking  tasks  is  the  process  of  following  a  single  step  forcing  function  in  a 
situation  where  the  controlled  element  has  no  appreciable  dynamics.*  .Some  aspects  of  the  operator's  behavior  in 
performing  such  tasks  have  been  studied  by  a  host  of  investigators  since  the  dswn  of  experimental  psychology. 
Most  of  these  investigators  have  been  concerned  with  various  reaction  time  experiments;  a  much  smnllet  number 
have  been  concerned  with  examining  the  problem  as  a  tracking  task  and  applying  dynamic  analysis  methods  to  the 
results.  It  is  primarily  the  latter  results  which  are  reviewed  here  [14,  32, 57,  71,  77,  78]. 

in  terms  of  experimental  results.  Fig.  17  shows  typical  responses  [32]  to  visual  step  inputs  from  an 
experiment  in  which  subjects  were  to  follow  a  line  on  moving  recording  paper  which  could  be  viewed  through  a 
narrow,  transverse  slot.  The  original  line  drawn  on  the  paper  consisted  of  a  step,  which  served  ns  the  forcing 
function,  A  line  drawn  by  the  subject  was  the  output. 


”  N\  OPERATOR'S  RESPONSE 

V 

PORE  INC  I 

‘  FUNCTION  \ 

\ 


Figure  17.  Typical  Responses  in  Following  Step  Displacements  of  a  Moving  Line. 

(Ref.  32) 

Similar  responses  have  been  observed  in  tn  experiment  in  which  subjects  tracked  a  target  by  moving  • 
an  aircraft  type  control  stick  [78].  The  target  was  a  dot  seen  against  a  vertical  line  on  an  oscilloscope.  As  the 


*  In  the  performance  of  the  actual  experimental  work  reviewed  here  a  sequence  of  step*  wee  supplied,  in  the  sense  used  shore, 
such  a  sequence  is  considered  to  be  essentially  e  repetition  of  single  step  presentation  if  the  time  between  successive  steps 
is  large,  sod  the  amplitudes  of  the  steps  are  constant  in  magnitude,  though  possibly  of  eitbet  sign. 
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jumped  co  the  right  or  left,  the  subject  was  to  move  the  stick  to  return  the  dot  to  the  vertical  line  as  quickly  as 
possible,  -  _  ..  - 

Reference  21  also  describes  comparable  results  in  an  experiment  utilizing  a  vertically  mounted,  movable; 
disk  with  a  triangle  painted  at  a  point  next  to  the  outer  edge  having  its  apex  pointed  toward  the  center  of  the- 'disk. 
The  operator  was  provided  with  a  control  wheel  linked_direct!y  with  a  pointcr.  'Aftcr  a  step  function  hadbeenap- 
plied  to  the  disk  the  operator  would  line  up  his  pointer  with  the  apex  of  the  triangle. 

In  terms  of  types  of  displays,  the  second  mentioned  is  compensatory,  the  third  pursuit,  and  the  firs: 
has  aspects  of  both.  We  will,  however,  discuss  the  results  of  all  three  experiments  by  consideting  only  Fig.  17 
since  the  experimental  results  are  quite  similar  with  respect  to  the  efforts  in  which  we  are  interested  at  this  rime. 

Inspection  of  tliese  figures  reveals  that  the  respu.  -e  can  be  separated  into  two  phases.  The  first 
phase  consists  of  a  dead  portion  (reaction-time  delay)  during  which  the  subject  makes  no  movement  at  all.  After 
this  initial  period  there  is  the  dynamic  portion  of  the  response,  during  which  the  subject  moves  telatively  quickly, 
ending  with  a  small  error  (the  primary  movement  «,(  this  positioning  response);  and  then  sometimes  more  slowly 
toward  the  new  position  of  the  line,  eliminating  the  remaining  error  (the  secondary  movement). 

The  average  duration  of  the  dead  time  portion  of  the  responses  shown  in  Fig.  17  is  about  0.25  seconds 
and  is  well  within  the  range  of  simple  reaction  time  to  visual  stimuli  given  in  References  79  and  94.  It  is  not 
meaningful  to  present  average  values  for  human  reaction  time  to  visual  stimuli  without  considerable  explanation 
rincc  these  time  measurements  are  functions  of  such  subject  centered  variables  as  attention,  motoi  set,  training, 
alertness,  and  mode  of  response,  and  of  such  stimulus  variables  as  the  complexity  of  the  stimulus,  the  intensity 
of  the  stimulus,  and  the  temporal  interval  between  stimulus  and  alerting  signal.  A  good  lower  limit  for  simple 
reaction  time  to  a  visual  stimulus  for  a  practiced  alerted  subject  is  0.180  seconds.  This  total  dead  time  may  be 
analyzed  into  itr.  components  in  uu  approximate  fashion.  The  latencies  of  the  visual  process  will  vary  from  0.035 
to  0.0/0  seconds  [70],  depending  on  the  intensity  of  the  stimulus.  Considering  synaptic  delays  and  peripheral  and 
central  conduction  times,  the  total  time  for  a  command  to  reach  the  muscle  would  be  0.01  to  0.02  seconds,  and  the 
muscle  contraction  time  would  be  between  0.02  and  0.04  seconds  [69].  The  difference  between  0.180  and  the  sum 
of  the  lower  or  higher  latencies  lor  the  components  of  the  reaction  time  can  be  attributed  to  central  organizing 
processes  [57,69,78].  Such  organizing  processes  would  have  to  account  for  between  0.05  and  0.11  seconds  for  the 
example  given.  In  Fig.  18  we  have  muscle  action  potentials  from  the  biceps  and  triceps  of  the  arm  of  a  subject  who 


3 


i 


Figure  18.  Muscle  Coordination  in  the  Extension  of  the  Arm. 

{From  Ref.  39,  p.  9) 


I 
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was  told  to  extend  his  atm  as  quickly  as  he  could  alter  seeing  a  visual  signal.  This  response- was  ballistic  rather 
than  continuous.  Mote  that  the  interval  c-a,  which  is  the  reaction  time  of  about  0.200  seconds  censistsof  conduction, 


synaptic  and  organizing  delays  whose  sum  is  0.140  seconds.measured  by  b—a}  and  a  period  ofmuseular  contraction 
and  preparation  to  move  the  arm  of  0.06  seconds  which  is  measuted  by  'c-fe;  The:p\Kpose=in  preyenting"thistiatfe"“ 
tenuous  discussion  of  neural  lags  is  to  acquaint  the  reader  with  the  physiologieaHlraits;c£ihstrainlng  t:his-cdntrol-  i  : 
system,  and  to  raise  the  possibility  that  in  certain  types  of  control  tasks  the  operatormay  becharactcrized  byj 
latencies  which  will  be  considerably  shorter  than  the  usual  reaction  tiiae  latehciesj  if  Kis  central  organizing  process 
latencies  can  be  cut  down  by  training  or  the  nature  of  his  task. 


A  movement  response  to  a  visual  stimulus  can  be  executed  without  continual  visual  control  of  the  move* 
went,  as  shown  by  ( b )  and  (d)  of  Fig.  17.  In  these  figures,  although  the  line  to  be  followed  was  suddenly  terminated 
after  the  step  occurred,  the  proper  response  continued  with  but  relatively  little  final  error.  It  is  apparent  from  these 
results  and  the  experimental  setups  that  the  dynamic  portion  of  the  response  is  not  under  a  closed-loop  type  of 
control  in  which  the  eyes  ate  used  ro  continually  measure  the  error.  The  derailed  mechanism  used  hy  the  human 
in  generating  these  responses  is  not  yet  known,  but  speculation  and  some  experimental  effort  has  led  to  the  inter¬ 
esting  and  instructive  opposing  points  of  view  summarized  below. 


Reference  73  states  that  the  dynamic  portion  of  the  response  is  ballistic  with  the  effectors  reacting  in 
an  open-loop  fashion  to  the  signal  from  the  .central  nervous  system  which  was  set  during  the  reaction-time 
delay.  References  32  and  57,  however,  point  out  that  such  an  open  loop  characteristic  might  not  account  for 
the  oscillatory  "hunting”  which  is  apparent  in  some  responses  to  step  inputs,  such  as  that  in  ( b )  or  (c)  of 
Fig.  17;  and  that  an  occasional  oscillation  of  this  sort  cov’d  more  readily  occur  if  the  dynamic  portion  of  the 
response  is  made  under  some  type  of  closed  loop  control.  Since  the  eyes  are  apparently  not  included  in  this 
loop,  the  feedback  signal,  which  is  continually  subuacted  from  the  "command"  signal  set  in  the  cerebellum 
during  the  dead  portion  of  the  response,  would  then  come  from  the  proprioceptive  receptors  in  the  effector 
which  nukes  the  response. 

The  proponents  of  the  "cam  action"  or  ballistic  response  viewpoints  counter  tl6l  part  of  the  "closed 
loop”  argument  hy  experiments  on  kinesthetic  reaction  rime.  The  results  of  these  experiments  yielded  a 
kinesthetic  reaction  time  of  0.129  seconds  before  a  subject  could  stop  a  falling  motion  of  his  right  arm,  which 
was  encased  in  a  splint  and  initially  held  horizontally  by  an  electromagnet.  It  was  concluded  from  these 
tests  that  the  kinesthetic  reaction  time  was  too  lung  to  permit  continuous  voluntary  control  of  short-duration 
hand  and  arm  movements  by  kinesthetic  information  furnished  through  feedback.  Reference  16  also  notes  that 
the  closed  loop,  proprioceptive  feedback  model  would  require  continuous  and  up  to  date  information  on  the 
space  position  of  the  body  member.  It  is  then  stated  that  physiologists  currently  believe  that  the  type  of 
feedback  underlying  the  proprioceptive  reflexes  arises  from  receptors  which  indicate  the  amount  of  tension 
within  a  muscle.  The  position  of  the  body  member  is  known,  bur  this  knowledge  is  presumably  gained  by  a 
synthesis  of  the  activity  of  a  large  number  of  receptor  organs  of  different  types  and  in  different  parts  of  the 
body.  Such  a  computation  would  probably  require  n  length  of  time  comparable  to  a  visual  reaction  time. 

In  partial  answer  to  these  objections,  References  32,33,  and  $7  state  that  a  reaction-time  delay  is  not 
determined  by  the  time  required  for  sensory  perception  and  transmission,  but  that  it  is  used  up  mostly  in  com¬ 
puting  and  setting  the  signal  sent  to  the  effectors.  Then,  if  a  computation  and  setting  up  of  the  response  are 
not  required,  the  time  delay  imposed  on  the  feedback  signal  may  be  very  small.  This  could  conceivably  be 
ns  small  as  the  0.03  to  0,06  seconds  cited  above  for  the  combination  of  nerve  conduction  and  muscle  contrac¬ 
tion.  The  hypothesis  offered  is  that  the  dynamic  portion  of  the  response  to  a  step  input  is  made  under  closed- 
loop  control  with  the  proprioceptive  senses,  and  without  reaction-time  delay.  Support  for  this  position  can  be 
found  in  studies  which  attempted  to  determine  the  rate  at  which  a  single  motor  unit  could  contract  in  volun¬ 
tary  contraction  and  yet  have  each  contraction  modified  on  the  basis  of  its  predecessor.  Using  the  higher 
delay  time  of  0.06  seconds,  one  would  conservatively  expect  that  muscular  contractions  in  continuously  con¬ 
trolled  movement  would  occur  at  a  rate  of  slightly  more  than  10  per  second.  Electromyographic  studies  of 
voluntary  movements  of  moderate  strength  show  just  such  a  rate  of  electrical  discharge  corresponding  to 
|  muscle  contractions  [691. 


Getting  back  to  the  experimental  data,  we  can  readily  see  that  the  facts  are  not  describable  by  cither 
the  pure  pursuit  or  pure  compensatory  block  diagrams  of  Fig.  2  if  the  visual  senses  are  not  in  the  loop.  In  terms  of 
an  cuter  loop  containing  a  visual  sensor,  the  response  appears  to  be  essentially  open  loop,  feeding  through  either 
Yp  in  the  compensatory  case,  or  VJ,l  in  the  case  of  pursuit.  In  either  event  the  result  is  the  same,  since  both  sys¬ 
tems  induce  to  single  blocks  when  viewed  in  this  outer  loop  sense.  The  points  of  view  discussed  above  are  not 
contrary  to  this,  but  are  concerned  rather  with  the  behavior  within  the  blocks,  V j,  or  Yf%.  This  is  probably  most 
easily  seen  by  referring  to  Fig.  19,  which  iliustrates  both  notions.  Since  external  measurements  allow  us  to 
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determine  only  the  characteristics  of  the  Input  and  output,  we  c»n  only  determine  an  equivalent  transfer  function 
for  the  operator  of  the  form  e'7>fy(s).  The  ttansfet  function-)^  will  be  uaiicd  that  ut  the  ''j&iSuiu^Stllaj-SyfiUm" 
since  both  netves  and  muscles  are  involved,  regardless  of  the  above  stated  points  of.  view.  The-  pure  time-delay; : 
e~rt,  represents  the  effect  of  the  visual  reaction  time  for  this  type  of  input,- end  r-will  be  of  thejOrder.of  O, 25-sec.. 
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h.  Closed  Loop  Servo  Analogy. 
Figure  19. 


To  derive  a  step  input  describing  function  which  would  describe  the  dynamic  portion  of  the  response, 
curves  can  be  fitted  to  typical  responses  to  step  inputs,  then  the  Lapiace  transform  of  the  function  leprc&etoing 
the  fitted  curve  is  taken,  multiplied  by  5  (because  the  forcing  function  was  a  step  function),  and  divided  by  the 
magnitude  of  the  step.  The  resulting  linear  transfer  function  when  multiplied  by  an  eT‘  to  take  into  account  the 
reaction  time  delay,  is  an  approximation  to  the  overall  transfer  function  of  the  subject  in  responding  to  a  step  func¬ 
tion  command.  Votk  of  this  nature  is  described  in  detail  in  References  32,  33,  and  57.  Figure  20,  taken  from 
Reference  57,  shows  two  curves  fitted  with  typical  responses.  These  and  similar  data  were  then  put  into  transfer 
function  form  [??]  giving  the  quantity  Y^fs),  which  describes  the  overall  dynamic  portion  of  the  operator's  response. 

If  one  is  inclined  to  view  the  neuromuscular  system  as  a  closed  loop  operation,  the  open  loop  neuro¬ 
muscular  system  transfer  function  {YniYnJ  of  Fig.  19  can  be  readiJy  found  from  these  same  data  if  it  is  presumed 
that  Y^  =  unity.  For  frequencies  up  to  A)  rad/sec,  poiar  plots  of  V^f/ai)  were  matched  by  the  plots  obtained  by 
closing  the  loop  around  the  function 
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Figure  20.  Dynamic  Portion  of  the  Responses  of  Subjects  to  Step  Input  (Reaction-Time  Delay  Omitted). 

(Re/.  57) 


""Hi  irT;  5>t  7'. 

SU‘S‘  I  ZC,Ts  +  1) 

where  T  =  0.(142  sec;  (1/T  =  23.8) 

<  -  0.5 

K  -  6.M  to  7,85  sec  1 
Reference  33  contains  these  Nyquist  pints. 

Regardless  of  whether  one  holds  the  "closed  loop”  or  "ballistic”  point  «f  view  regarding  the  "neuro¬ 
muscular  system,”  the  following  transfer  function  will  describe  the  dynamic  portion  of  the  response  of  a  human 
operator  to  a  step  forcing  function  (to  the  extent  that  the  data  are  representative). 

w  -  rrife  (IV-2> 

where  KG(s)  is  the  function  given  in  Eq.  (IV- 1). 

To  include  the  dead  portion  of  the  response  due  to  reaction-time  delay  the  factor  e~r"  must  be  included. 
The  linearized  data  then  gives  Eq.  (1V-3)  as  the  human  operator  transfer  function  for  the  case  of  hand  motion  and 
essentially  no  controlled  element  dynamics,  when  following  a  visual  forcing  function  consisting  of  a  simple  step. 


Wstep  “  e'T'Vs)  -  TV  2 CTs*  ~7~7  “  (s/fO  +  1  ''  V  + 1  (IV'3) 

K  +  K  +fC+1 

It  will  be  noted  that  the  last  approximation  of  Eq.(IV-3)  is  a  simple  first  order  lag.  This  may  lead  to  confusion 
since  the  neuromuscular  system  possesses  inertia,  thereby  requiring  at  least  a  second  order  transfer  function.  For 
sufficiently  low  frequencies,  however,  the  first  order  lag  is  a  suitable  approximation,  and  it  is  debatable  whether 
the  data  should  be  pushed  much  further  than  this. 


WADC  Tft  54- $24 


49 


B.  THE  OPERATOR'S  RESPONSE  TO  A  VISUAL  SEQUENCE  OP  STEPS 


The  response  t<*  a  single  step  was  coveted  above.  The  topic  to  be  discussed  io  this.aufcseyism  i^ 
that  of  the  operator's  response  when  the  step  command  sequence  is  irregular,  be.,  uneven  intervals  between  steps 
and/or  varying  step  amplitudes.  '  "  *  t  '  '  ... 


It  would  be  convenient  if  the  principle  of  superposition  could  be  applied  and'he'hce  permit  the 'prediction 
of  the  response  of  a  human  operator  to  an  irregular  sequence,  of  steps  simply  as  the  resultant  of  his  responses  to  the 
individual  steps,  using  the  transfer  function  for  step-function  responses  obtained  above.  While  the  final  conclusion 
of  this  .sub-section  will  be  that  one  can  do  essentially  this  without  too  much  error,  there  are  two  special  character¬ 
istics  requiring  some  consideration.  These  are  the  possibility  of  a  refractory  phase  (a  period  of  time  after  a  stimu¬ 
lus  when  the  operator  cannot  operate  on  a  subsequent  stimulus  —  analogous  to  the  refractory  phase  for  individual 
nerves  and  muscle  fibres),  and  the  so-called  range  effect.  Superposition  will  be  inapplicable  to  the  extent  that 
either  of  these  effects  exist. 


Several  investigators,  among  them  Hick  [dll  and  Vince  [87],  have  indicated  that  a  psychological  refrac¬ 
tory  phase  may  exist,  and  that  a  certain  minimum  time  must  therefore  elapse  after  a  first  response  before  the  response 
to  a  second  stimulus  can  be  made.  This  time  is  in  addition  to  the  normal  reaction-time  delay  which  would  be  ex¬ 
pected  to  separate  the  second  stimulus  and  response.  The  experimental  results  upon  which  this  tentative  conclu¬ 
sion  was  based  showed  an  increase  in  response  lime  (used  to  approximate  reaction  time)  as  the  time  interval  was 
decreased  between  individual  steps  in  a  sequence.  It  should  be  noted  that  these  same  results  can  be  partially 
accounted  for  by  considering  the  operator  s  bandwidth  limitations.  In  ether  words,  a  sequence  of  steps  used  as 
inputs  to  the  transfer  function  e^Y^ls),  Eq.(IV-3),  will  give  response  records  where  response  time  values  appar¬ 
ently  increase,  due  to  a  scale  effect  on  the  amplitude  of  transient  modes,  ns  the  spacing  between  steps  becomes 
small. 

Other  investigators,  such  as  El  Ison  and  Hill  [25l,  have  performed  experiment*  from  which  it  is  possible 
to  infer  that  no  refractory  phase  exists  as  such.  While  the  type  of  experiment  performed  by  Ellson  and  Hill  de.es 
not  prove  positively  that  there  is  no  refractory  phase  in  the  response  to  a  sequence  of  opposed  steps  of  constant 
amplitude,  it  does  point  strongly  in  that  direction.  Therefore,  until  more  definite  information  is  established  to  the 
contrary,  it  can  probably  be  assumed  chat  a  practically  significant  refractory  phase  doe*  not  exist  [2l]. 

The  range  effect  is  a  somewhat  different  matter,  and  in  the  case  of  certain  sequences  of  steps,  the 
operator's  response  may  be  modified  slightly  in  a  nonlinear  fashion.  If  a  sequence  of  command  steps  of  about  the 
same  relative  size  is  given  the  test  subject,  he  will  rend  to  overshoot  in  his  response  to  a  smaller  step  and  under¬ 
shoot  in  his  response  to  a  larger  one.  In  examining  this  phenomenon  Ellson  and  Wheeler  ran  two  series  of  tests 
[261,  one  with  input  step  amplitudes  of  0.25,  0.50,  and  1.0  inches  and  the  other  with  amplitudes  of  1.0,  1.5,  and  2.0 
inches.  The  subjects  tended  to  overshoot  the  one  inch  atimub  s  when  it  was  the  smalle-t  in  the  scries,  and  under¬ 
shoot  the  same  stimulus  when  it  was  the  largest.  The  tendency  is  therefore  a  function  .  ange  and  not  simply  a 
result  of  the  absolute  magnitudes  of  the  stimuli. 

This  range  effect  can  be  considered  as  an  example  of  a  type  .of  behavior  pattern  often  found  in  psychol¬ 
ogy  and  termed  by  some  the  “central  tendency  of  judgment.”  In  the  present  -M-;  terdency  is  definitely  present, 
but  as  can  be  seen  from  Fig.  21  the  overall  effect  is  really  quite  small.  We  can  conclude,  therefore,  that  the  range 
effect  is  net  too  severe  a  deterrent  co  the  assumption  of  superposition,  and  that  the  transfer  function  given  fot 
single  steps,  Eq.  (IV-3),  is  also  reasonably  suitable  to  describe  the  gross  behavior  of  the  operator  in  tasks  involving 
sequences  of  steps. 

A  final  point  that  should  be  mentioned  on  visual  step  sequences  is  noted  in  Reference  14.  This  was 
the  result  of  an  experiment  using  the  pursuit  setup  previously  described  (rotary  disk  for  input,  control  wheel  and 
pointer  for  output).  In  this  experiment  the  subjects  were  asked  to  respond  to  inputs  consisting  primarily  of  more  or 
less  irregular,  closely  spaced,  steps.  The  input  was  much  closer  to  a  random  type  of  input  than  simple  step 
sequences,  but  individual  steps  and  responses  were  still  recognizable  as  being  particular  input-response  pairs  (see 
hig.  22).  Therefore,  the  individual  reaction  time  delays  could  scill  he  measured.  The  results  of  this  experiment 
indicated  that  the  reaction-time  delay  to  often-moving,  irregular  step-like  inputs  might  be  slightly  less  than  that  to 
steps  where  the  time  between  input  movements  is  sufficient  for  the  operator  to  settle  down  to  a  constant  position. 
The  average  reverice  time  delay  for  the  irregular  inputs  was  about  0.2  seconds,  as  opposed  to  the  average  of  0.25 
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STEP  FORCING  FUNCTION  AMPLITUDES  (Inch*.) 

Figure  21. 

(Ref.  26.  7) 


INPUT  DISK  TRAVEL  (degree*)  . 

CONTROLLED  POINTER  TRAVEL  (degress) 


Figure  72.  Response  to  Closely  Spaced,  Step-like  Irregular  Inputs. 
(Ref.  14.  p.  ID 


seconds  obtained  with  the  same  subjects  using  more  widely  spaced  and  less  irregular  step  forcing  functions.  This 
result,  and  similar  effects  due  to  warning  and  motivation  found  in  classical  reaction  time  experiments,  is  hetpful 
in  explaining  some  of  the  lower  reaction  times  found  in  tasks,  such  as  tracking  random  inputs,  where  serial  rather 
than  solitary  responses  were  demanded  of  the  subject. 


C.  THE  OPERATOR'S  RESPONSE  TO  VISUAL  SIMPLE  PERIODIC 
AND  OTHER  "COMPLETELY  PREDICTABLE’  FUNCTIONS 

The  most  obvious  cOi.vI«tely  predictable  forcing  function  is  the  pure  sinusoidal  oscillation.  The 
response  of  the  operator  to  this  system  input  form,  with  no  controlled  element  dynamics,  bas  been  thoroughly 
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studied  by  several  researchers.  Notable  results  have  been  reported  by  Mayne  [32, 33, 57}  and  by  F. I  Ison  and  Gray 
[24],  among  others,  - 

The  Goodyear  (Mayne)  experiments  utilized  the  recording  paper,  narjoiy  slit,  apparatus  couched  on 
previously  in  the  review  of  operator  responses  to  simple  step  inputs.  Typical  results  of  "these  studies,  which  are 


a.  "Closed  Loop”  Response. 


b.  ''Synchronous"  Response. 

Figure  23.  Typical  Farts  of  the  Response  to  a  Simple  Sinusoid. 

comparable  with  those  achieved  by  others,  arc  illustrated  in  Fig.  23.  The  interesting  feature  is  that  the  response 
seems  to  occur  in  three  main  parts: 

(1)  The  very  first  part  of  the  response  (not  shown  in  the  figure)  contains  a  reaction 
time  delay.  This  is  followed  shortly  by 

(2)  A  "non-synchronous"  response,  Fig.  23a,  which  reveals  the  presence  of  a 
phase  lag.  This  lag  is  too  small  to  be  due  to  a  reaction-time  delay.  (A  factor 
of  e~Tt  in  the  transfer  funccion  would  give  a  phase  lag  of  90°.at  a  frequency  of 

1  cps  if  r  is  taken  to  be  0.23  sec.) 

(3)  Shortly  thereafter  the  response  changes  to  a  "synchronous"  following  of  the 
a,u€  wave  with  no  phase  lag  rail  only  slight  attenuation.  This  mode  can  be  main- 
rs.ined  fairly  easily  at  frequencies  of  2.3  to  3  cps.  (It  should  be  noted  that  similar 
synchronous  modes  also  exist  for  other  forcing  functions,  such  as  a  square  wave.) 

After  a  period  in  the  synchronous  mode,  the  operator  tends  to  drift  out  of  synchronism.  When  this 
occurs,  he  gets  back  Into  the  synchronous  mode  by  going  through  the  first  two  response  phases  noted  above,  though 
usually  more  rapidly  than  the  first  time, 

Mayne's  proposed  explanation  of  the  synchronous  and  nonsynehronous  characteristics  is  summarized  as 
follows:  The  "non-synchronous"  portion  of  the  response  displaying  the  phasr  lag  occurs  when  the  operator 
is  effecting  continual  closed  loop  control  with  the  eyes  included  in  the  loop.  The  eyes  are  exercising  con¬ 
tinuous  control,  and  no  time  is  required  for  computation  and  setting  of  responses  in  the  cerebellum.  (This  is 
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analogous  to  Mayne’s  view  of  the  closed  loop  pioprioceptive  responses  for  the  step  function  case.)  Since  the 
computation  time  is  a  large  part  of  the  reaction-time  delay,  it  might  be  possible  f.o  have  this  continuous  con¬ 
trol  without  the  additional  phase  lag  due  to  the  whole  reaction-time  delay.  To  accomplish  the  final  or  "syn¬ 
chronous"  mode  of  response,  the  operator  must  have  added  some  sort  of  prediction  to  govern  his  response  to 
eliminate  the  phase  lag  entirely.  Once  started,  the  synchronous  response  can  be  continued,  for  short  periods. 
without  the  use  of  the  eyes.  Evidently  the  operator  can  "set  in"  to  his  effectors  a  certain  range  of  functions 
which  determine  his  response.  The  control  of  this  response  may  or  may  not  be  made?  closed  loop  using  the 
proprioceptive  sense,  but  in  any  event  requires  that  (he  "set  in”  function  take  into  account  the  neutomuscuiar 
lags. 

Our  view  of  the  underlying  phenomena  differs,  to  some  extent,  from  Mayne’s.  We  feel  that,  in  terms  of 
block  diagrams,  the  three  forms  of  response  can  probabiy  be  adequately  represenied  by  the  three  parts  of 
Figure  24.  During  the  very  first  part  of  th*  response,  the  narrow  slit  thtough  which  the  operator  views  input 
and  output  effectively  makes  the  display  a  compensatory  one,  Fig.  24c.  This  is  particu! -?rly  true  at  the  initial 
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b,  Puisuit  Situation  Representing  (he  Non-synchronous  Phase 
of  Response  to  a  Sinusoidal  Input. 
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c.  Open  Outer  Loop  Representing  the  Synchronous  Phase 
of  Response  to  a  Sinusoidal  Input. 

Figure  24.  Rlock  Diagrams  Representing  Phases  in  the  Operator’s  Response  to  Sinusoidal  Inputs. 


instants  before  the  operator  has  scarred  his  response.  Shortly  after  the  start  of  the  operator's  response,  the  oper¬ 
ator  recognizes  the  periodic  nature  nf  the  forcing  function  and  the  pursuit  aspects  of  the  display  take  over.  Here 
the  operator  generates  a  suitable  transfer  function  in  Yp.  to  overcome  visual  reaction  time,  Fig.  24 h.*  Finally, 


*  The  effective  reduction  of  visual  reaction  time  in  simple  pursuit  situations  with  no  controlled  elements  is  discussed  in 
detail  in  Section  XI. 
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the  operator  is  able  to  detect  and  take  advantage  of  all  of  the  internal  coherence  and  predictability  of  his 
input  signal  (the  error).  The  action  of  the  central  nervous  system  then  resembles  a  programmer  or  synchronous 
generator  which  generates  command  signals  to  the  neuromuscular  system  based  upon  a  complete  "knowledge” 
of  the  forcing  function  and  the  operator's  lags.  This  last  response ’is  essentially  open -loop  (in  the  outer  loop, 
at  least)  with  no  visual  feedback.  As  the  synchronous  motion  drifts  off  or  the  input  frequency  is  changed,  the 
operator  retraces  his  steps  through  at  least  the  non-synchronous  mode,  and  "corrects”  the  "programmer"  to 
get  back  into  the  synchronous  mode. 

If  the  closed  loop  operation  of  a  human  being  were  linear  for  all  inputs,  it  would  be  possible  to  express 
his  response  to  a  sine  wave  by  using  his  transfer  function  in  response  to  a  step  forcing  function.  The  experimental 
results  cited  above  make  it  clear  that  the  overall  operation  cannot  be  considered  linear.  For  example,  correlation 
between  the  synchronous  portion  and  the  response  to  a  step  is  impossible  because  the  absence  of  phase  in  the 
former  would  imply  an  instantaneous  response  to  a  step  input.  On  the  other  hand,  the  fact  that  the  operator  outputs 
for  sine  wave  forcing  functions  ate  also  fair  sine  waves  indicates  directly  that  a  separate  linear  transfer  function 
can  be  defined  for  each  of  the  particular  sine  wave  cases. 

Mayne  suggests  that  the  dynamic  portion  of  the  respunse  to  a  step  function  can  be  correlated  with  the 
non-synchronous  response  to  a  sine  wave.  In  this  connection,  it  is  worth  noting  that  the  40°  phase  lag  observed  in 
the  latter  response  is  approximately  equal  to  the  phase  lag  which  would  be  caused  by  the  transfer  function  V„(i)  of 
Eq.  (1V-3)  at  the  frequency  of  I  cps. 

In  the  synchronous  mode  the  operator  is  able  to  keep  forcing  function-output  phase  shift  to  nearly  zero 
over  a  wide  frequency  range,  but  is  not  able  to  maintain  unity  amplitude  rario  at  the  higher  frequencies.  Both  the 
input  mid  the  output  utc  approximately  sinusoidal,  so  a  Uausfct  function  could  theoretically  be  defined  lot  this 
synchronous  mode.  To  match  qualitatively  the  frequency  response  characteristics  mentioned  above,  using  ttan&fet 
functions  made  up  of  rational  polynomials,  the  simplest  possible  form  of  such  a  transfei  function  would  be  that  of 
liq.(IV-i).  j 

VpWsvvciiHONnns  “  (7s- 1 1)7- 7s 7 1~)  *IV‘4) 


This  exhibits  an  amplitude  ratio  decrease  with  frequency  but  no  phase  shift.  It  will  be  noted  that  this  transfer 
function  is  that  of  an  unstable  system,  giving  rise  to  a  divergence,  so  even  though  it  might  be  suitable  for  describ¬ 
ing  the  response,  the  general  form  is  misleading.  Therefore  probably  the  simplest  way  to  represent  the  synchronous 
mode  is  with  e  describing  function  which  is  real  bur  frequency  dependent,  as  in  Eq.  (IV-5). 


^/^SYNCHRONOUS  K(u) 


(1V-5) 


Something  akin  to  the  synchronous  mode  appears  in  other  situations  where  the  operator  has  thoroughly 
"learned"  his  inputs  and,  by  experience,  seems  to  provide  exactly  the  required  output.  Examples  of  this  "total 
prediction”  are  a  helmsman's  ability  in  "meeting”  a  turning  ship  and  some  pilots’  ability  to  cope  with  the  well 
known  "JC  maneuver",  by  applying  a  single,  properly  timed,  conditioned  output  response.  Other  skilled  activities, 
like  catching  a  ball  and  tagging  a  base  runner  in  one  continuous  motion,  counter-punching,  serving  a  tennis  ball, 
etc,,  are  similar  examples.  AH  of  these  may  be  considered  as  practical  examples  of  the  precognitive  situation  dis¬ 
cussed  in  Section  I. 

Apparently  a  characteristic  of  total  prediction  is  the  pre-setting  in  the  neural  centers  of  an  entire 
response,  nod  the  substitution  of  monitory  for  continuous  control  by  the  external  senses.  In  the  process  of  setting 
up  these  learned  responses,  the  operator  presumably  goes  through  the  following  stages: 

(1)  When  the  input  is  first  encountered,  control  is  through  the  external  senses,  with  reaction  time  delay,  etc. 

(2)  At  some  later  period,  the  "system"  possibly  becomes  either  a  pursuit  situation,  or  retains  a  compensa¬ 
tory  form  under  closed  loop  control  of  the  proprioceptive  or  visual  senses  but  without  reaction  rime  delay. 

(3)  Finally,  the  entire  response  is  completely  learned,  becoming  "synchronous"  or  skilled.  In  some  instances 
observed  experiments. !v  an  apparent  synchronous  inode  could  conceivably  be  rhr  same  type  of  control  as  (2), 
with  the  addition  of  a  lead  to  offset  the  neuromuscular  lag.  A  t-uc  synchronous  mode,  which  can  exist  without 
the  external  senses  operating  in  the  loop,  cannot  be  described  in  this  fashion.  [By  definition!] 
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Section  V 


LINEARIZED  OPERATOR  RESPONSE  TO  RANDOM  APPEARING  VISUAL  FORCING  FUNCTIONS 
IN  COMPENSATORY  TASKS  WITH  NO  CONTROLLED  ELEMENT  DYNAMICS 

A.  INTRODUCTION 

Responses  of  operators  in  manual  control  systems  with  random  appearing  inputs  exhibit  a  type  of 
behavior  which  we  shall  call  "equalization",  since  its  action  is  directly  analogous  to  that  of  the  equalizing  ele¬ 
ments  insetted  into  setvo  systems  to  improve  the  overall  performance  of  the  system.  By  its  nature,  equalization 
appears  to  he  a  continuous  operation  performed  on  data  continuously  observed  by  the  external  senses.  This  property 
distinguishes  it  from  the  "total  prediction"  which  is  observed  in  the  synchronous  part  of  the  response  to  a  sine 
wave,  and  also  from  the  possible  cam  like  action  (or  the  equivalent  closed-loop  proprioceptive  responses  without 
external  control)  obsetved  in  both  the  initial  stages  of  response  to  sine  wave  inputs  and  the  dynamic  part  of  the 
response  to  step  inputs. 

The  operator  must  obviously  adapt  his  equalizing  behavior  in  some  way  to  enable  him  to  handle  cor.- 
(tolled  elements  having  widely  diverse  dynamic  characteristics.  Perhaps  the  best  way  to  classify  his  equalizing 
behavior  is  on  the  basis  of  the  contiollod  elements  whir  h  "force"  rhe  operator's  characteristics  to  take  on  some 
particular  form  consistent  with  reasonable  overall  system  performance.  Therefore  the  discussion  of  operator  dynamic 
charaucii.-.tics  in  compensatory  tasks  has  been  divided  into  two  major  parts;  the  first  will  treat  past  experimental 
data  on  compensatory  systems  with  no  controlled  element  dynamics,  i.e,,  Yc  .  1,  and  the  second  will  consider  sys¬ 
tems  with  various  controlled  element  dynamic  charactciistirs.  Tlii.-i  section  is  concerned  with  compensatory  systems 
of  the  first  type,  while  the  seeond  categoty  are  considered  in  Section  VI. 

The  human  operator  ns  a  component  of  a  manual  control  system  must  be  considered  to  be  a  nonlinear 
and/or  time  varying  element.  This  statement  implies  that  two  different  quantities  will  generally  be  required  to 
specify  n  humnn  operator  on  a  nnaei-Iinear  basis.  The  first  quantity  will  lie  a  describing  function  which  relate  ihe 
operator's  output  to  the  applied  system  input  on  a  linear  basis.  The  second  quantity  will  be  an  operator  output 
(or  remnant),  which  is  not  linearly  coherent  with  the  forcing  function  to  the  system.  These  two  quantities  will  be 
discussed  separately;  transfer  characteristics  in  the  first  parr  of  this  section,  and  remnant  characteristics  in  the 
second. 

In  all  cases  considered  here  the  general  system  situation  was  the  compcnsatoty  type  shown  in  Fig, 2b , 
artd  the  basic  task  -."as  ic  iraC-  .....I,...;  .opearing  f  nee  i  tig  f  ..tier  i.in.  This  general  rvne  of  forrinn  function  is 
probably  the  most  fruitful  one  we  can  use  if  results  are  desired  which  will  be  applicable  over  a  wide  range  of  crack¬ 
ing  situations.  Since,  characteristically,  the  forcing  functions  to  most  manual  systems  in  operational  use  are  low 
in  frequency  and  at  least  partially  srochastie,  low  frequency  Gaussian  noise  is  p  natural  idealization  of  actual 
forcing  functions.  Low  frequency  Gaussian  noise  is  also  capable  of  being  easily  "shaped”  in  various  ways  without 
changing  its  Gaussian  nature.  This  enables  one  to  study  the  influence  of  forcing  function  characteristics  upon 
operator  behavior  when  all  the  other  system  parameters  are  fixed.  For  these  reasons  most  of  the  experimental  woik 
on  operator  transfer  characteristics  which  has  been  done  since  the  advent  of  suitable  automatic  computing  devices 
utilizes  Gaussian  forcing  functions.  In  some  of  the  earlier  work  the  desirability  of  using  random  appearing  forcing 
functions  was  recognized,  so  appropriate  sums  of  non-harmonically  related  sine  waves  were  used  to  simulate  ran¬ 
domness  while  stiii  allowing  the  experime-mei  to  reduce  his  data  simpiy. 

The  experimental  data  considered  in  this  section  have  been  taken  directly  ftom  the  efforts  of  three 
investigators  and  their  colleagues.,  specifically  ).  I.  Flkind  [22,  2?1,  L.  Russell  [70l,  and  E.  S.  Krendcl  f49,  50,  51, 5)1. 
I  sing  these  experimental  data  as  fundamental  sources,  the  authors  and  their  associates  have  replotted  and  derived 
"best  lit"  describing  functions  of  the  operator  (and  fits  for  other  data)  for  all  cases  except  the  describing  functions 
of  Flkind,  which  were  initially  presented  in  suitable  form.  The  describing  function  fits  provide  a  convenient  struc¬ 
turing  of  the  data  from  which  we  can  determine  the  influence  of  the  forcing  function  /and  the  controlled  element,  for 
that  matter)  upon  rhe  transfer  characteristics. 

In  the  discussion  that  follows,  the  presentation  of  past  experimental  results  on  the  operator  in  simple 
compensatory  tracking  tasks  is  divided  into  the  two  previously  mentioned  major  categories,  i.e.,  transfer  character¬ 
istics  and  remnant  characteristics.  The  first  major  subdivision  is  further  broken  down  into  three  pasts,  corresponding 
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to  results  obtained  on  Elkind’s,  Russell's  and  the  Franklin  Institute's  "simple  trackers".  The  correlation  of  Elkind’s 
results  with  simple  servo  analysis  criteria  is  also  included,  A  considerable  portion  of  the  subsection  on  Elkind’s 
work  with  transfer  characteristics,  which  includes  the  effects  of  variations  in-forcing  function  bandwidth,.  amplitude,, 
and  spectral  shape  upon  the  describing  function,  is  taken  directly  from  Reference  23.  ~ 

The  second  major  subdivision  of  the  section  is  a  detailed  discussion  of  the  second  pert  of  the  operator’s 
description  —  the  remnanr.  In  physical  terms  the  word  remnant  as  used  here  will  normally  be  considered  to  mean 
that  part  of  the  operator's  output  power  spectrum  which  is  not  linearly  coherent  with  the  system  forcing  function. 

For  much  of  the  historical  past  of  tracking  research  this  quantity  has  been  largely  ignored  or  passed  off  us  a  mildly 
troublesome  deterrent  to  a  linear  description  of  the  operator.  By  analogy  with  linear  systems,  the  transfer  charac¬ 
teristics  have  been  granted  the  major  emphasis.  This  situation  cannot  continue  if  the  full  realization  of  quasi-lincar 
techniques  is  to  be  applied  to  complex  manual  control  systems  —  for  much  evidence  points  to  the  fact  that  the  more 
demanding  the  task,  the  more  important  the  remnant.  Indeed,  in  some  systems  discussed  here  and  in  the  next  section 
the  remnant  term  is  the  signi/icflnf  ode  in  terms  of  operator  output  power.  Considerable  attention  has  therefore  been 
devoted  to  the  exploration  of  possible  sources  of  the  remnant  which  are  still  consistent  with  the  assumptions  of 
quasi-lineatization.  Two  of  the  possible  applicable  "explanations"  are  applied  to  Elkind’s  data  in  the  second 
division  of  this  section.  The  meager  data  on  the  remnant  from  the  Russell  and  Franklin  simple  trackers  is  also 
presented. 

In  the  final  subsection  we  have  attempted  to  summarize  the  similarities  and  differences  obtained  in  the 
three  simple  tracker  experiments. 


B.  HUMAN  OPERATOR  TRANSFER  CHARACTERISTICS  IN  COMPENSATORY 

SYSTEMS  WITH  NO  CONTROLLED  ELEMENT  DYNAMICS 

1.  Llkind's  Compensatory  Experiments 

Elkind’s  experiments  involved  a  vety  thorough  study  of  the  effects  of  forcing  function  characteristics 
upon  the  response  of  the  simplest  possible  compensatory  system  employing  a  human  operator,  a  display,  and  a 
lightweight,  essentially  frictiottlcss  control  without  spring  restraints.  The  tracking  apparatus  is  illustrated  in 
Fig.  23,  and  consisted  primarily  of  a  "pip-ttapper”,  two  oscilloscopes,  and  associated  electronics.  the  display 
was  the  vertically  mounted  scope  with  a  stationary  "target”  at  the  center  of  the  r.ctecn  and  a  "follower”  (a  small 
circle  '/pi  inch  in  diameter,  generated  electronically)  which  moved  about  the  screen  as  a  direct  function  of  the  ctrot. 
The  subject  tried  to  keep  the  follower  circle  around  the  target  dot  by  moving  the  control  (a  small  pcnril-like  stylus) 
on  the  screen  of  the  lower  oscilloscope.  The  error  voltages  which  drove  the  "follower"  were  generated  by  raking 
the  diltcrence  between  the  input  voltage  anti  the  X  coo.dic.ate  of  the  follower  position  for  ?he  horizontal  motion,  and 
the  V  coordinate  of  the  follower  position  alone  for  the  vertical  motion.  This  was  done  since  the  stylus  was  free  to 
move  in  both  X  and  Y  directions  so  that  the  operator  could  move  his  band  in  a  free  and  nacural  motion  without 
external  restraint.  However,  the  vertical  display  V-axis  sensirivity  was  onc-qunrter  that  of  the  horizontal  display. 
The  operator  could  therefore  move  in  a  natural  arc  without  producing  significant  vertical  movement  o(  (he  follower. 
Ihe  display  was  then  essentially  one-dimensional,  and  the  measurements  were  all  taken  on  this  basis,  i.e.,  only 
horizontal  movements  of  the  follower  were  used.  The  gain  between  the  X-axis  of  the  pip-trapper  horizontal  display 
was  equal  to  that  of  the  horizontal  follower  motion  on  the  vertical  display. 

In  operation,  the  subject  was  seated  directly  in  front  of  the  upper  screen  and  allowed  to  adjust  his 
viewing  distance  to  whatever  value  he  thought  best  (A)  to  JIJ  inches).  The  tower  oscilloscope  was  mounted  to  the 
tight  of  the  operator  in  a  location  so  that  the  tracking  motions  werp  very  >..ailar  to  those  used  in  writing.  An  arm 
rest  which  suppotted  the  entire  forearm  was  provided.  and  the  subject  was  allowed  to  use  finger,  wrist  or  forearm 
movements  as  he  desired.  This  allowed  him  to  adjust  to  different  movement  amplitudes  by  tiding  the  muscle  group 
most  suitable  for  that  amplitude. 

In  all  of  the  Elkiml  experiments  discussed  in  this  section  the  forcing  functions  were  made  up  of  signals 
geneiatcd  by  summing  a  large  numbet  (40  to  144)  of  sinusoids  of  different  frequencies  and  arbitrary  phases,  with 
components  spaced  equally  in  frequency.  Such  a  signal  of  different  frequency,  random  phase  sinusoids  approaches 
a  Gaussian  process  ns  the  number  o(  sinusoidal  components  becomes  infinite,  and  allows  one  to  achieve  a  very 
sharp,  essentially  rectangular  spectrum  cutoff  it  desired.  Other  spectral  shapes  can  he  obtained  by  appropriate 
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filtering.  The  actual  spectral  forms  used  in  the  various 
portions  of  the  study  are  shown  in  Fig.  26. 

Elkind  performed  four  basic  experiments  on 
both  compensatory  and  pursuit  systems.  In  this  section 
we  are  concerned  primarily  with  the  compensatory  results 
of  his  Experiments  II,  III,  and  IV,  which  consisted  of  tost 
conditions  defined  as  follows: 

Experiment  II  —  Amplitude:  The  forcing  functions  were 
three  signals  identical  in  all  respects  except 
amplitude.  Their  spectra  were  rectangular  with 
cutoff  frequency  of  0.64  cps  (4.02  rad./ sec).  The 
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Figure  25.  Elkittd’s  Tracking  Apparatus. 
(Fig.  3-3.  Ref.  23) 


Figure  26.  Types  of  Power  Density  Spectra 
Used  in  th  .  Elkind  Compensatory  Study. 
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amplitudes  were  1,  0,32  and  0,10  rms  inches.  Runs  were  classified  as  Al,  A2,  and  A3,  corresponding 
to  the  amplitudes  in  descending  order. 

Experiment  III  — Bandwidth:  The  input  signals  had  rectangular  spectra 'of  1  inch  rras  amplitude  and  various 
cutoff  frequencies,  fca.  Runs  were  classified  as  follows! . . . — . T-=r. 


RUN 

Ico  (cps) 

taco  (rad/scc) 

R  .16 

0. 16 

1.00 

R  .24 

0.24 

1.51 

R  .40 

0.-10 

2.51 

R  .64 

0.64 

4.02 

R  .96 

0.96 

6.03 

K  1.6 

1.60 

10.05 

R  2.4 

2.40 

15.07 

An  additional  frequency  of  4.0  cps  was  available,  but  was  so  difficult  to  track  that  the  subjects  were 
unwilling  to  try. 

Experiment  IV  — Sh»«»:  For  this  experiment  the  signals  used  were  RC  filtered  and  snorted  band  spectra, 
nil  having  1  inch  rms  amplitude.  Run  classification  and  input  spectra  shape  are  indicated  in  big,  27. 

One  group  of  three  subjects  was  used  in  all  of  the  compensatory  experiments.  Thcv  were  all  members 
of  the  staff  of  MIT  and  were  well  acquainted  with  the  objectives  of  the  experiment  and  the  characteristics  of  the 
input  signals.  Before  data  were  recorded,  the  subjects  went  dirough  a  training  period  of  about  thirty  4-minute 
tracking  runs  over  a  period  of  about  one  week.  All  of  the  subjects  achieved  high  proficiency  during  the  training 
period. 

In  the  actual  data  runs  the  subjects  wetc  instructed  to  keep  the  center  of  the  follower  as  close  to  the 
target  us  possible  at  aii  times.  The  input  signals  were  recorded  on  magnetic  tape  for  ali  inputs  in  the  entire  exper¬ 
imental  sequence,  Experiments  I  through  IV,  and  in  reverse  order  (IV  through  I).  Tb»  subiects  tracked  each  set 
twice,  first  in  forward  order  and  then  in  reverse  order.  Each  tracking  run  was  five  minutes  in  duration,  with  rest 
periods  of  about  one  minute  inserted  between  runs.  The  first  minute  of  the  five  minute  run  was  practice  for  rhe 
subject  to  adjust  to  the  signal,  and  the  last  four  minutes  constituted  the  scoring  run. 

Elkind’s  experimental  results  1 23l  were  presented  in  the  forms  of 
(1)  Linear  phase  and  amplitude  ratio  plots  of  the  closed-loop  describing  function  11(f). 

(21  Rode  plots  of  the  open-loop  describing  function  Yp(/). 

(3)  Linear  plots  of  lineal  correlation  squared,  i.e.,  p 2  1-  . 

(4)  Rode  plots  of  error  speettum  relative  to  mean-square  input,  <Ij,/ Jf . 

(5)  Dodc  pirns  of  the  spectrum  of  the  uncotrelated  output  relative  to  mean-square  input,  thm/f,  <!*„<//. 

(6)  The  relative  mean-square  tracking  error,  df/^^iidf . 

In  most  of  this  subsection  rhe  item  of  major  concern  is  the  open-loop  describing  function  Yp(f),  though  some  of  the 
other  items  will  be  mentioned  from  time  to  time.  Our  chief  concern  will  be  with  the  analytic  form  of  curves  fitted 
to  die  Yfi j)  data.  The  experimental  data  gathered  by  Elkind  is  so  significant,  however,  that  a  general  review  of  the 
results  applicable  to  rransiei  characteiistics  Is  in  order. 
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Part  I:  RC  Filtered  Spectra 
INPUT  SPECTRA 

RC  Filtered  Spectra,  1, 2  und  3 
filteristages  each  with  break 
frequency:  0,24  cps  (1.51  rps) 

Maximum  frequency:  2.88  cps  (1.81  rps) 

Rectongular  Spectrum  /co:  0.24  cps 

rms  amplitude:  1  inch 


RUN 

"jj§ 

FI 

■a 

SPECTRUM 


HIGH  FREQUENCY 
-  RATE-OP  ATTENUATION  - 
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Fart  II:  Selected  Band  Spectra 
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Figure  27.  Forcing  Function  Conditions  for  Elkind’s  Experiment  IV  —  Shape. 
[Adapted  from  Table  3 ’IV,  Ref.  23) 


a.  General  Experimental  Results  on  Open  Loop  Describing  Functions 

(1)  Experiment  II  —  Amplitude:  In  this  experiment  the  open-loop  transfer  functions  were  not  determined,  but 
the  results  in  terms  of  closed  loop  describing  functions  are  shown  in  Fig.  28,  Analysis  of  variance  of 
the  real  and  imaginary  parts  of  H{f)  were  performed  at  three  representative  frequencies  to  determine 
whether  differences  among  characteristics  were  statistically  significant.  These  results  indicated  ihnt 
the  closed  loop  human  operator  characteristics  were  essentially  invariant  over  the  entire  range  of  ampli¬ 
tudes  studied  in  this  experiment,  that  is,  from  0.1  inch  to  1.0  inch  rms.  This  means  that  the  neuro¬ 
muscular  system  is  capable  of  being  adjusted  to  a  wide  range  of  movement  amplitudes,  since  the 
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operators  used  finger,  wrist  and  forearm  movements  in  making  the  tesponscs  to  the  various  inputs. 

Small,  precise  movements  required  for.  input  A3  were  made  with  the  fingers, .and  large,  gross  movements  . 
required  for  input  A 1  were  made  with-wrist  and  forearm, 

-o—  A 1  (1.0*  rmi) 
A 2  (0.32*  rm») 
-6-  A3  (0.1*  rmj) 


b. 


\ 

i 

I 


Figure  28.  Effect  of  Amplitude:  Mean 
Closed-Loop  Tiansfer  Characteristics. 
(Fig.  4-5  a,  b, 


These  results  also  give  us  our  first  chance  to  observe  the  possibility  of  operator  nonlinear  trans¬ 
fer  characteristics.  If  these  were  markedly  nonlinear  we  would  expect  a  large  difference  in  the  open 
loop  describing  functions  for  rhe  three  forcing  function  mean  amplitudes,  and  somewhat  less  difference 
between  the  three  closed  loop  describing  functions.  Unfortunately,  the  open  loop  data  were  not  presented 
in  Reference  23,  so  our  assessment  must  be  based  upon  the  data  shown  in  Fig.  28.  While  slight  differ¬ 
ences  are  apparent  in  these  data,  e.g.,  magnitude  //(/), i* > W(/). rr in >  Ai  in .  the  differences  are  quite 
small  and  somewhat  inconsistent.  To  the  extent  that  these  slight  differences  actually  exist,  one  could 
surmise  that  the  open-loop  gain  (and  possibly  some  low  frequency  lag)  was  a  mildly  increasing  function 
of  rms  forcing  function  amplitude.  The  most  general  observation,  however,  would  be  that  there  is  little 
evident  nonlinear  transfer  behavior  for  the  farcing  function  situations  noted. 
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(2)  Experiment  III  —  Bandwidth:  The  variation  with  forcing  function  bandwidth  of  the  amplitude  ratios  and 

phases  of  Y^if),  the  open  loop  describing  function,  are  shown  in  Fig.  29.  It  will  bo  noted  that  themagpl* 
tude  and  phase  lag  of  Yf[f)  show  a  general  decrease  with  increasing  forcing  function  bandwidth,  'In.-.  ■  '  ■ 


terras  of  the  analytical  models  fitted  to  these  data,  we  will  later  see  that  this  general  behavior  appears 
to  obey  quite  reasonable  "laws". 

Another  item  of  importance  determined  by  Elkind  in  this  experiment  was  the  mean  square  error 
relative  tv  the  mean  square  input.  These  results  plotted  as  I’ig.30.  The  rtt-t.  >s  wuUt.oncd  that 
the  plot  is  intended  merely  as  a  graphical  tabulation  and  that  no  particular  trend  or  curve  fu  is  proposed, 
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(3)  Experiment  IV  —  Shop*:  The  effects  of  forcing  function  spectral  shape  upon  the  open  loop  transfer  char¬ 
acteristics  are  shown  in  Figures  31  and  32.  The  results  with  RC  filtered  spectra  are  shown  in  Fig,  31, 
and  those  for  the  selected  band  spectra  in  Fig.  32, 

The  open  loop  characteristics  for  RC  filtered  forcing  functions  are  similar  in  many  respects  to 
those  for  rectangular  spectra,  especially  the  one  with  an  18  db/oct  high  frequency  attenuation.  This 
becomes  particularly  apparent  when  the  data  for  input  R.24is -Superimposed  upon  the  plot.  Perhaps  the 
most  important  characteristic  tn  note  is  the  increase  in  amplitude  ratio  and  phase  angle  as  the  forcing 

function  becomes  simpler  to  track,  i.e.,  as  the  higher  forcing  function  frequencies  are  more  heavily  - - 

attenuated.  Along  this  same  line,  the  operator  adjusts  his  phase  margin  downward  as  the  high  frequency 
content  of  the  signal  is  reduced.  For  the  RC  forcing  function  with  the  greatest  amount  of  power  at  high 
frequencies  (FI),  the  phase  margin  is  about  70  degrees,  while  for  F3  it  is  only  35  degrees.  The  smaller 
phase  margins  permit  the  operator  to  have  higher  dc  gain  and  hence  better  low  frequency  tracking  per¬ 
formance. 
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The  open  loop  describing  functions  for  the  selected  band  spectra  are  fairly-similar  cci  those' ob¬ 
tained  for  the  rectangular  and  RC  filtered  cases,  particularly  in  the  way  in  which-the  phase  margins  ■ 
obtained  with  B4,  B5  and  -B6  decrease  as  power  at  high  frequeneies-deEreasesi  ^The  data  for  the  hand- 
pass  signals  (B3,  B8,  B9(  and  BIO)  were  translated'downThe  fretjiS-nCy  sealescrthaY  the”lowest  jfrequei>cy 
component  of  the  forcing  function  corresponded  to  the  origin  on  the  new  frequency  scale.  ^ToSome 

extent,  these  translated  transfer  functions  are  similar  to  those  associated  with  the  fioimal  low-pass  . _ : 

inputs.  In  other  words,  the  human  operator  appeara  to  be  able  to  shifthis  low-pass  characteristics  up 
the  frequency  scale,  like  a  single-sideband  modulator,  when  he  is  confronted  with  a  bandpass  input. 

However,  when  he  makes  these  transitions,  his  gain  is  reduced  and  phase  lag  increased. 

b.  Analytical  Approximations  la  tha  Opan  Loop  Describing  Function  Data 

The  measured  open-loop  transfer  characteristics  of  Figures  2?,  31,  and  32  present  the  actual  linearized 
describing  function  model  of  the  human  operator  for  the  conditions  of  the  experiments  and  within  the  bandwidth  of 
the  forcing  function.  These  results  are  analogous  to  those  obtained  when  one  runs  a  conventional  harmonic  response 
cest  on  a  "black  box”  of  unknown  characteristics.  At  this  point  we  would  like  to  obtain  analytical  models  which 
approximate  the  data,  preferably  in  a  form  involving  a  small  numher  of  parameters.  Then,  wirh  the  experimental 
results  approximated  by  these  isolated  parameters,  and  knowing  the  characteristics  of  the  forcing  function,  we 
should  be  able  to  summarize  conveniently  the  relationships  between  the  presumed  operator  parameters  and  the  forc¬ 
ing  function  characteristics.  In  this  way  we  can  obtain  some  "laws’’  of  operation  of  the  approximate  analytical 
models.  Then,  to  the  extent  that  the  analytical  model  approximates  ihe  operator,  we  have  much  greater  insight  into 
the  laws”  which  actually  govern  rhe  overall  behavior  of  the  operator. 

In  considering  the  possible  types  of  models  which  might  he  used,  we  should  first  note  that  models  having 
nonlinear  transfer  cha'aeteristics  capable  of  being  characterized  by  the  same  describing  functions  are  not  parti,  u- 
larlv  desirable  possibilities.  After  all,  the  effort  involved  in  taking  the  data  for  the  nuasi-liiwar  describing  fim/-tjnn 
should  not  go  for  naught.  Nonlinear  models  are  therefore  placed  in  the  category  of  last  resort. 

Considering  linear  models,  we  can  readily  say  that  the  most  desirable  types  are ’transfer  functions  made 
up  uf  ratios  of  rational  polynomials,  with  the  addition  of  a  pute  time  delay  term  also  being  allowed.  Such  transfer 
function  forms  are  desirable  because  they  nre  simple,  well  understood,  and  completely  adequate  for  approximating 
any  of  a  large  number  of  "frequency  responses”.  By  allowing  the  transfer  function  parameters  to  change  as  a  function 
of  the  input  parameters,  we  can  cover  the  entire  range  of  measured  data  for  a  given  set  of  input  conditions. 

Having  decided  to  use  a  conventional  transfer  function  form,  the  next  point  to  be  considered  must  be  the 
degree  of  approximation  to  be  used  in  fitting  rhe  analytical  model  to  the  dota.  Since  the  experimeota!  information 
covers  only  a  restricted  frequency  range,  it  is  possible  to  fit  analytical  transfer  functions  to  rhe  darn  to  any  arbi¬ 
trarily  defined  degree  of  accuracy.  An  extremely  accurate  fitting  procedure  appears  hardly  warranted  in  this  instance 
because  of  the  data  reduction  errors  and  the  variation  between  subjects  whose  data  make  up  the  averages.  A  con¬ 
ceptual  point  is  also  involved  in  that  we  would  like  to  have  a  fairly  simple  analytical  model  with  a  small  number  of 
parameters  so  that  they  can  be  readily  related  to  parameters  defining  the  input  characteristics.  From  these  consid¬ 
erations  we  can  conclude  that  the  appropriate  model  to  use  in  fitting  a  set  of  data  is  the  simplest  transfer  function 
form  which  is  reasonably  consistent  with  the  trends  of  all  the  data  for  a  given  type  of  forcing  function. 

As  genera!  criteria  for  rhe  types  ■  _ -  we  can  list  the  following  as  consistent 

with  nil  known  human  operator  data  in  compensatory  tasks  of  various  kinds. 

(1)  The  operator's  describing  function  should  go  to  zero  at  infinite  frequency,  i.e.,  his  transfer  charac¬ 
teristics  arc  fundamentally  those  of  a  low  pass  filter. 

(2)  The  describing  funerjon  should  be  finire  at  zero  frequency  because  of  physical  limitations. 

(3)  A  pure  time  delay,  eT%  should  be  included  to  account  for  the  reaction  time  delay.* 


LS 

ml 

•LV  ’ 


is; 


Ki 


•  Several  writers  prefer  to  reserve  the  term  '"reaction  time  delay”  for  discrete  tasks  and  adopt  such  nomenclature  as  "analysis 
time”,  etc.,  for  continuous  tasks.  We  prefer  to  use  "reaction  time  delay”  as  a  term  synonymous  with  an  apparent  pure  time 
delay.  In  the  sense  used  here,  reaction  time  will  vary  **itb  the  "discreteness"  of  the  task. 
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(4)  When  the  experimental  closed 
loop  system  is  stable,  the  approximate 
fitted  transfer  function  form  should  also 
yield  a  stable  closed  loop  system. 

Tire  simplest  transfer  function  form 
that  satisfies  these  requirements  for  much 
of  Hlkind's  compensatory  open  loop  trans¬ 
fer  characteristic  data  is 


_ 

~  T0/eo+l 


(V-l) 


where  K  is  the  dc  gain,  r,  a  pure  time  de¬ 
lay  (analogous  to  the  reaction  time  delay 
in  cracking  discrete  inputs),  and  i'0  is  a 
time  constant  representing  a  low  frequency 
lag  in  the  operator’s  characteristics.  The 
process  of  using  Eq.  (V-l)  to  fit  the  experi¬ 
mentally  determined  characteristics  is  illus¬ 
trated  in  Fig.  S3.  A  good  fit  to  the  data  must 
be  achieved  simultaneously  in  magnitude 
and  phase,  so  it  is  usually  necessary  to 
shuttle  back  and  forth  between  these  two 
quantities  and  adjust  the  parameters  of  Yp 
to  obtain  a  compromise  giving  the  best  fit. 
Since  the  pure  rime  delay  eT,,“  does  not 
affect  the  amplitude  characteristics,  the 
amplitude  ratio  curves  arc  fitted  by 


Approximate  values  for  K  and  T0  can  be 
determined  from  these  data  using  templates 
or  other  means,  with  the  cluet  criterion 
being  the  visual  appearance  of  a  good  fit. 

The  phase  associated  with  the  term 
(T0/<u+  l)-1  can  then  be  subttacred  from  the 
measured  phase  to  give  that  hypothetically 
due  to  eT‘]a>.  On  a  lineat  plot  of  phase  ver¬ 
sus  frequency,  the  phase  lax  due  to  reaction 
time  should  be  approximately  linear,  and  the 
slope  (expressed  in  rad/rad/sec)  will  be  the 
value  of  -  a  .  Therefore,  when  the  residual 
phase  is  not  approximately  linear,  it  is  nec¬ 
essary  to  select  other  values  of  T#  (and 
hence  K),  and  repeat  the  process  until  sat¬ 
isfactory  results  are  attained.  The  parame¬ 
ters  defining  Elkind’s  approximate  fits  using 


intoutsct  (cpt) 


Figure  33.  Example  of  Data  Fitting  with  Simple  Transfer  Function. 
{Fig.  5-Ja,  b,c.  Ref.  25) 
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this  simple  transfer  function  form  are  given  in  Table  1.*  It  should  be  noted  here  that  Elkind  used  the  parameter  fa 
(equal  to  !'2!r7J|)  in  his  work,  so  it  is  also  noted  iti  the  table. 


Table  1. 

Summary  of  Parameters  of  Yp^joi) 

and  Vp(/oi) . 

INPUT 

f| 

sec 

tfl 

-*  5- 

i/r0 

rad/sec 

K 

db 

f 

sec 

l/T 

rad/sec 

K  .16 

0.64 

0.035 

0.22 

34.5 

0.110 

1.885 

K  .24 

0.264 

0.050 

0.314 

31.5 

0.104 

6.22 

R  .40 

0.214 

0.125 

0.785 

22.5 

0.133 

12.3 

R  .64 

0.183 

0.275 

1.73 

15.0 

0.150 

30.3 

R  .96 

0.139 

0.58 

3.65 

6.5 

0.139 

OO 

R  1.6 

0.122 

0.6 

3.77 

-0.6 

0.122 

oo 

R  2.4 

0.116 

0.3 

1.885 

-3.0 

0.116 

OO 

F  1 

0.139 

0.18 

1.13 

10.5 

0.139 

OO 

F  2 

0.126 

0.05 

0.314 

25.0 

0.126 

oo 

F  3 

0.17S 

0.03 

0.1885 

33.0 

0.178 

00 

F  4 

0.306 

0.056 

0.352 

31.0 

0.102 

4.90 

B  1 

0.153 

0.76 

4.77 

9.0 

0.153 

DO 

It  ? 

0. 107 

0.8 

5.03 

1.5 

0.107 

m 

B  3 

0.2/8 

2.0 

12.36 

-1.0 

0.278 

nu 

tf  4 

0.150 

2.0 

12.36 

-  0.3 

0.130 

w 

I*  5 

0.12S 

0.30 

1.0P5 

U.l 

0.128 

OO 

13  6 

0.149 

016 

1.005 

17.7 

0.149 

oo 

It  7 

0.156 

0.14 

C.88 

23.2 

0.100 

17.85 

B  8 

0.388 

0.5 

3.14 

9.0 

0.219 

6.28 

B  9 

1 0.39 

t  2.0 

12.56 

0.4 

t  0.390 

OO 

H  10 

»  1.14 

7.83 

-11.0 

t  1.14 

00 

t  Approximate  values. 


NOTE:  Corresponding  nomenclature  between  Reference  23 


Table  1 . . 

fj 

T 

i/r„ 

A> 

i/r, 

K 

Ref.  23 . . 

o' 

Mo 

fo 

2nL. 

K 

While  the  low  frequency  approximation  of  En,  (V-I)  fits  the  data  quite  well,  an  analytical  closed  loop 
transfer  function  derived  from  this  equation  would  indicate  an  unstable  condition  at  frequencies  well  beyond  the 
measurement  bandwidth  for  some  of  the  lower  cucoff  forcing  functions.  There  was  no  evidence  of  a  closed  loop 
instability  in  any  of  the  experimental  data  so  we  would  suppose  that  the  operator  introduces  more  attenuation  ac 
high  frequencies  than  would  be  indicated  by  the  application  of  Eq. (V-I).  While  it  is  not  possible  to  tcilize  the 
experimental  daCa  >«  find  rh/>  high  frequency  portion  of  an  approximate  transfer  function,  it  i«  possible  to  "stabilize 
the  closed  loop  system  by  adding  a  lag  to  Eq. (V-I),  i.c,, 

Yp{'u)  =  (T0,co+'i)(rI,wi)  <NM) 


•The  bandpass  characteristics  B3:  B8,  B9,  and  B  10  were  trnnaia.ed  down  the  frequency  acale  before  fitting.  In  tbia  transla¬ 
tion,  the  low  frequency  cutoffs  of  the  forcing  function  spectra  were  sec  at  zero. 
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If  1/r,  is  ouch  greater  than  any  of  the  frequencies  measured,  then  the  low  frequency,  bpJiayjor  of  th&.transfe^funcrlon 
of  Eq,  (V-3)  can  be  made*  the  same  as  that  of  (V-l)  if  T,  +  r  is  approximately  equal  to  r,.  This  lsdueVtoi^ 
the  term  (7,/u)  + 1)"',  in  the  region  «« 1  /Tu  will  tMHHlttve  «  phase  shUUvhich  is  essentially iiuciu,,itnd jq,att enuw^.- 
ationi  1  he  addition  of  a  simple  lag,  Tt/o>+  1,  is  by  no  means  a  unique  way  to  define. the  possible  higher  frequency  Y- 
behavioirs;  any  combination  of  lags  and  leads  leading  to  a  stable  system  would  be  surtablf  iflh^ratisfirdlhe““ — f 
relationships,  . . 

f+£T,-£7'  =  r, 

*  /  ' 


1 

T  'v  i 

•  i 


“ko 


(V-4) 


where  the  T,  are  lags,  the  Tf  are  leads  and  is  the  forcing  function  cutoff  frequency  (or  an  approximation  thereto) 
in  tad/sec.  The  single  lag  represented  by  T,  is,  however,  the  simplest  form  which  can  be  added  to  Eq.  (V-l)  to  assure 
stability  and  consistency  with  the  measured  low  frequency  response. 

Unfortunately  it  is  not  possible  to  find  unique  values  of  r  and  7j  from  the  low  frequency  data*  By  exam¬ 
ining  the  general  trends  of  the  higher  input  bandwidth  data,  we  can  conclude  that  the  phase  margin  for  the  lower 
input  bandwidths  is  of  the  order  of  zero  degrees.  Therefore,  it  would  be  fairly  reasonable  to  adjust  7j  and  rto  values 
jusi  consistent  with  neutral  stability.  This  procedure  can  yield  only  approximate,  maximum  values  of  r  and  1/7], 
However,  we  would  have  a  reasonable  amount  of  confidence  in  the  results  if  the  values  for  r  are  near  those  values 
of  r,  found  for  the  cases  wf  re  Eq,  (V- 1)  was  both  a  good  fit  and  led  to  a  stable  closed  ioop  system.  These  values 
of  r  and  1/T,  are  shown  in  Table  1. 

Elkind  estimated  the  accuracy  of  the  parameters  obtained  on  his  fits  as  follows: 

r  -■=  o.  13  +  ,02?  sec 
K  within  ±  3  db 
Iq  within  ±  0.2  /0 

No  consistent  pattern  of  variation  that  can  be  related  to  the  parameters  of  thr  input  signal  were  present  in  the  values 
of  r.  From  the  general  trend  of  evidence  cited  in  Section  IV,  i.e.,  r  becoming  smaller  as  the  task  becomes  more 
"continuous",  and  similar  trends  exhibited  in  classical  reaction  time  experiments  with  tasks  involving  either  high 
motivation  levels  ot  short  time  spacing  between  stimuli  [94,  2nd  Edition],  it  is  probably  reasonable  to  identify  the 

Mm*  rlalutr  f  vuatti  tlia  rtraninualli  rlafSnaJ  ■aaaslaw  al^a  J.I.i.  VL!  -  _ I  • 

i - - - /  - - I - -  -v  mvvivii  Mun,  vvtnj,  amo  irvuiu  imply  a  uiuc  1UI  [*r?C?ISCS  sm 

the  interval  0  to  0.08  seconds  in  casks  of  this  nature  considering  the  previously  cited  reaction  time  components  in 
Section  IV  and  the  0.02  second  variability  of  r. 


(All  low-pass  forcing  function  signals, 
i.e.,  I)  3,  B8,  B9  and  13  10  not  included.) 


c.  Relationships  Between  the  Derived  Model*  and  Input  Characteristics 

Having  obtained  analytical  describing  function  models  approximating  the  operator’s  transfer  character¬ 
istics,  the  next  important  point  is  to  attempt  to  relate  the  parameters  of  these  analytical  models  to  forcing  function 
parameters.  In  this  regard,  Elkind  has  found  several  interesting  results  tending  to  show  the  type  of  adaptation  to 
forcing  funrtion  characteristics  made  by  the  approximate  operator  models. 

The  first  relationship  of  importance  is  die  variation  of  the  product  K/0  for  ail  die  runs.  As  shown  in 
■'/*  ***>  «w/iviuii«ivly  vuuaiaui  uirci  a  wide  range  or  forcing  function  characteristics,  :.e., 


K/«  =  1-5 


(V-J) 


It  will  be  noted  in  Fig.  34  that  the  relationship  of  Eq.  (V-5)  is  fairly  good  for  most  of  the  data  points  excepting  those 
forcing  functions  with  the  larger  amounts  of  power  at  the  high  frequencies,  such  as  F  i,  F  2,  R  1.6  and  It  IA.  It  wilt 
also  be  noted  that  all  of  the  high  gain  (K»l),  rectangular  spectra  runs  are  approximated  very  closely  by 

K/0  ^  1.3  (R.16,  R.24,  R.40  and  R.64)  (V-6) 
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Ktdbt 


Figurc'34.  Gain,  K.  Versus  Frequency  of  First  Hreak  Point,  /c. 
(Fffr  5-2.  Rc/,23) 


This  latter  point  willbc  otti»cjcsrliit«V  1 

Elkind  was  also  ahle  to  develop 
sevetal'vety  interesting  expressions  relating 
the  gain  to  characteristics  of  t^e_ forfeit 
function  fiomhis  cxperimehtartesults..  These 
shall  be  reviewed  below.  ^ _ _  ~G~  P 

The  simplest  input  spectra  to  work 
with  are  those  having  rectangular  shapes. 
Since  Elkind’s  Experiment  HI  showed  that 
input  amplitude  had  small  effect  on  the 
closed  loop  transfer  characteristics  of  the 
operator,  H,  (at  least  for  inputs  between 
0.1-  1.0  inch  ims  around  a  value  of  fta  of 
.64  cps)  it  is  reasonable  to  suppose  that  the 
major  input  characteristic  of  importance  for 
rectangular  spectra  is  the  value  of  the  cut¬ 
off,  fco ■  A  plot  of  open  loop  dc  gain,  K, 
versus  fra.  Fig.  35,  for  die  rectangular  forc¬ 
ing  function  spectra  shows  that  K  varies 
approximately  inversely  with  the  square  cf 
I co.  i-e., 


t„i«m 


Figure  35.  Variation  of  Gain,  K ,  with  C"toff  Frequency,  fca, 
for  Rectangular  Spectra  Forcing  Functions. 

(Fig.  5-3,  Ref.  2 3) 


The  RC:  filtered  and  selected  band  spectra 
are  more  complex  than  the  rectangular 
spectra,  and  cannot  be  described  in  terms  of 
a  cutoff  frequency  alone.  In  his  search  for 
more  fundamental  measures  of  forcing  func¬ 
tion  signal  characteristics,  Elkind  noted 
that  rt'e  two  factors  which  appeared  to  have 
the  most  important  influence  on  the  gain 
were  the  predictability  of  the  forcing  function 
and  its  location  on  the  frequency  scale. 

Aftet  trying  a  scries  of  combinations  with 
the  experimental  results,  he  found  that  the 
parameters  f,  the  mean  frequency  of  the 
spectrum,  and  oy ,  its  standard  deviation, 
appeared  se  be  appropriate  parameters. 

These  are  defined  by 


IT*..*/ 

(/)2J  (V-8) 

The  quantity  /  is  a  measure  of  location;  oy, 
being  related  to  the  spectrum  width,  is  a 
measure  of  predictability.  The  product  Off 
is  directly  proportional  to  f\Q  for  rectangular 
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spectra,  and  a  good  fit  to  the  data  of  K 
versus  Off  for  rectangular  spectra  is 
(Fig.  36) 


0.39 

°lf 


(V- 9) 


Using  Eq.  (V-9)  to  compute  a  calculated 
gain,  Kc,  for  all  forcing  functions  resulted 
in  the  data  of  Fig.  37.  Here  it  will  be 
noted  that  the  agreement  between  measured 
and  computed  values  is  good  for  forcing 
functions  having  tow  pass  characteristics, 
but  is  poor  for  the  bandpass  spectra 
(dashed  lines). 

As  the  mean  frequency  /  of  the  band¬ 
pass  forcing  functions  becomes  greater,  rhe 
difference  between  K  and  Kc  increases.  To 
explain  these  differences  Flkind  developed 
different  weighting  values  for  the  various 
terms  in  Eq.  (V-9)  involving  /  by  consider¬ 
ing  che  bandpass  data  alone.  The  effect  of 
(  was  isolated  by  plotting  the  measured 
values  of  Key  against  /,  as  shown  in  Fig.  3b, 
Tb**  jH.itUo  from  Fig.  3R  were  then  fitted  by 


v«,i  n*9»i* 


Figure  36.  Measured  Gain,  K,  Versus  1  Ao/f) 

for  Rermnoulat  Sgiectra. 

( JTj ■<•*,  Kef.  7)) 


K  3.8 


(V-10) 


This  new  expression  was  then  used  to  compute  gains  fot  all 
inputs,  called  K" ,  which  were  compared  with  the  measured  values 
(Fig.  39).  This  curve  provides  the  best  fit  to  all  of  the  data  that 
Elkind  was  able  to  find. 


Figure  37.  Measured  Gain,  K,  Versus  0,39/(e//)  for  all  Inputs. 
(Fig.  5-5,  Ref.  23) 


Figure  38.  Measured  Values  of  KOf  Versus 
Measured  /  for  Bandpass  Spectra. 

(/-ig.  >-0,  Kef,  J)) 
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All  of  the  experimental  fits  obtained  by 
Elkind  thtov.  a  considerable  amount  of  light  on 
the  adaptive  behavior  of  the  analytical  model. 

It  is  comforting  to  note  that  such  simple  expres¬ 
sions  define  the  observed  transfer-behavior  so 
well.  On  the  other  hand,  we  cnnnot.be- sure,  that 
other  parameters  may  not  be  equally  “significant" 
as,  say,  o/  and  /  in  the  role  of  fundamental 
parameters  defining  the  forcing  function  charac¬ 
teristics.  Elkind  tried  many  variations,  with  the 
best  ones  being  those  shown  above,  but  he  by 
no  means  claims  to  have  been  on  the  receiving 
handsel  of  a  straight  line  to  the  Supreme  Servo- 
mechanist.  Therefore,  the  experimentally 
derived  relationships  reviewed  above  should  be 
considered  with  due  care  and  caution. 


','MN 


d.  Attempts  to  Apply  Conventional  Servo 
Criteria  to  Elkind's  Results 


Figure  39.  Measured  Gain,  K,  Versus  the 
Parameter  K'c  =  3.8/(oyeif,0-M) 


The  experimental  results  obtained  by  (P'S-  3-7,  Re/.  23) 

Elkind  are  especially  significant  in  that  they 

indicate  the  general  sort  of  way  in  which  the  human  operator  adjusts  his  parameters  as  a  function  of  forcing  function 
conditions  when  in  a  compensatory  task  with  no  controlled  element  dynamics.  In  particular  the  data  express,  within 
the  limits  of  tile  experimental  situation,  the  results  of  the  operation  of  some  optimalizing  criterion  internal  to  the 
human,  with  these  data  extant,  it  is  now  of  great  interest  to  determine  the  correspondence,  if  any,  between  the 
types  of  criteria  us*Jd  by  servo  system  designers  with  those  adopted  by  the  operator  in  adjusting  his  parameters. 


Servo  design  criteria  c.-.i.si  in  many  different  forms,  but  the  type  most  easily  applied  to  systems  analogous  to 
that  of  the  human  operator  tracking  stochastic  inputs  is  one  involving  the  minimization  of  the  root-mean-square 
error.  Tbere  is  some  reason  to  believe  that  tiie  human  operator  may  be  relatively  sensitive  to  such  a  criterion  since 
one  would  suspect  that  he 

(1)  attempts  to  minimize  the  error  (his  input)  in  compensatory  tasks; 

(2)  doesn't  care  about  the  sign  of  the  error,  at  least  when  he  possesses  no  knowledge  of  instruction 

about  positive  errors  being  worse  rhan  negative  values; 

(3)  tends  to  give  larger  errors  more  weight  than  smaller  ones. 


On  this  basis  the  application  of  the  rms  error  minimization  criterion  to  human  operator  results  might  possibly  he 
reasonable,  tn  this  subsection,  therefore,  we  shall  outline  the  results  of  an  rms  minimization  problem  for  a  simple 
servo  having  approximately  the  same  characteristics  as  Elkind's  analytical  model.  The  actual  experimental  results 
can  then  be  compared  with  the  analytical  rms  minimization  model. 

The  analogous  servo  system  will  be  as  shown  in  Fig.  40.  If  the  remnant,  n(,  is  not  linearly  coherent  with  the 
input,  till,  then,  by  using  the  methods  leading  to  Eq.  (III-58),  the  error  spectral  density  will  be  given  by 


i  Vi 


— < 


As  wiii  be  shown  in  the  next  subsection,  a  reasonable  representation  for  the  noise  spectra  will  be  (if  referred  to 
the  operator's  input  and  if  only  the  lower  four  rectangular  input  speci.-a  are  Considered)  white  noise  with  a  magni¬ 
tude  <b„,((0).  Also,  for  the  rectangular  spectra  <1>„  can  be  represented  by  a  spectrum  characterized  by  <i>;,(0)  extend¬ 
ing  to  the  cutoff  frequency  eico.  Then,  since  the  mean  square  error  in  general  is  given  by 

-  4/”<M/)rf/  =■  (V-12) 
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Figure  40.  Analogous  Servosystcm  to  Elkind’s  Simple  Tracker. 


that  for  this  particular  case  will  be 


2  tr 


|yp  4  -In 


The  approximate  open  loop  transfer  function,  Ip ,  for  the  lower  four  rectangular  spectra  is: 


y  ^  _ _ KjfJl _ 

v  (r(/6>+i)(r,;o>+i) 

In  the  frequency  range  and  for  the  quantities  of  interest  this  can  be  approximated  by 

y  ...  Mill.  =  , _ KU-rVm) _ 

r  l0i<o>l  U  +T0/'co)(l  n'ju) 

where  f  -  r,/2,  |  then  becomes 


(V-l?) 


(V-14) 


.(V-ls) 


IW*  = 


KJ 


1  :  (roa.)J 


The  closed  loop  transfer  function  I!  -.'ill  be 
H  -  V 


Kil~f  jw) 


i  +  y 

(1+T0/«)(1  +  r’/<u)  ■ 

K 

1  -r' 

■/« 

i  +  k 

.  ( T0  +  r'(l  -  K) 

H  K  + 1 

1  + 

K 

1  -  r'/w 

1+  K 

I  +  _  _w]3 

"U„J. 

,  2  K  +  i 

where:  <**„  =  — r 

h  f 


T0+r' U  X) 


(V-16) 


(V- 17) 


2vT0rU'  +  l) 

The  magnitude  squared  of  the  two  transfer  functions  of  interest,  H  and  H/Y,  will  then  be: 

2 


Uf|J  - 

i  +  r< 


1 


I2^ 

I  l  <4, 


(V-18) 
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1-1  = 
1  V1 


I  +  (T0<u)2 


(V- 19) 


Using  Equations  (V-18)  and  (V-19)  with  (V-13)  yields  che  following  for  the  mean  square error: 


_  »»(0) 

*  2it<1+  K)'3 


r°  u(roW)a  o)r  doi 

•taCO) 

2*U7kF3U^,+  2(k  +  1)2 


IflT '  !-£!' 


(V-20) 


(V-21) 


The  first  term,  involving  the  integral  is  the  mean  square  error  in  following  the  input;  the  second  term  with 

the  integral  3,  is  the  mean  square  error  due  to  the  noise.  The  neat  step  in  the  procedure  is  the  evaluation  of  the 
two  integrals,  Wtjco)  and  3Sj.  The  integral  32  is  of  the  form 


.  /  oo 

_J_  ( _ du _ 

Rtf  r-  m 


^  ar 

'2  2ir/j  i  1  t-*?. 


if  09  gnU») dto 

2 try  oil 


<  V-22) 


where  ^n(w)  «o Ut  ■  u i v>  1  ■  ■  ■  1  (In 

gjoi)  -  feC0j2n  3  +  hjoj3"'*  i  ■  •  •  t-  fc„.i 

Integrals  of  the  type  shown  in  Eq. (V-22)  have  been  evaluated  and  are  shown  on  page  369  of  Refcicnve  44.  In  this 
ease,  v  -  7  and 

,  anb\ 

’  u7 

"3  -  — ^  <v“23> 

.  leal3  .2f« . 

onivc  o*tai  =  - 1 —  i-  j  ■  +  i  ana  gnuu;  -  i 

1<U„J  <Un 


1 


.24' 


-  — i  ,  a,  =  /  —  ,  a,  =  1 

4E  1  <o„  1 


0  ,  b,  =  1 


then 


s2  - 


Wn 


(V-24) 


2«,  4  iC 

turning  our  attention  now  to  the  integral  3(<Uct>),  and  letting  a  =  <o/ai„,  ac  =  <n-0/«on 

s(a<)  =  -L  d-^i^to)3^  (v-25) 

This  integral  can  be  broken  into  partial  fractions  to  obtain  standard  forms,  otter  algebraic  manipulation, 

—  3(ct)  =[l+(7cW*‘](  I— ~——i  -  zt>  ,\da*2jA  — -j  +  — jW  (V-26) 

p  )n  \l-2ita~a2  \  +  2i(a-af)  J0  U  *  Z/Cct-c2  l  +  Z/fa  +  c2] 


£5 

•2=3 

H  ■* 

n  — * 
£  ^ 
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These  integrals  are  bath  standard  forms  found  in  the  integral  tables  (e.g..  Pierce  [6S,  72]).  After  mote  grinding, 
the  answer  becomes:  .  . . 


3(a«)  -  $U+(WW*^  V  ■—^•[1-0^]  tanh-1  ~  -r-  -  (V^T) 

The  total  expression  for  the  tms  error,  made  up  of  Equations  (V*21),  (V*24),  and  (V-27)  is  a  fairly  complex  result. 
To  simplify  the  expression,  we  can  restrict  the  results  to  be  applicable  only  to  inputs  R.16  through  R.64.*  Then: 

»  l;  K  »  1;  W  «1  (R.16- R.64)  (V-28) 

V  ~n) 

so  chat 

A  +  5 i«kJQ  +  VJSi 


so  that 

i  .  K  +  l  .  K  .  ?<  .  T0  +  /(l-fO  .  T0  Kf' 

"i  =  -=-r  **  v~-  6011  —  —  — : —  —  —  (V 

TBr  7#r  tu„  K  + 1  K 

The  much  simplified  expression  for  the  mean  square  error  then  becomes,  within  these  restrictions 


.  4-u(oK34r0]J  i 

2e  Ur  4  lroj  K 

l-r  ~ 

'of 


or,  letting  A  =  K/7j 


f4>..(0Wo] 

1  ♦**«» 

A  \ 

l  2” 

A»+  4 

.1-r'AJ 

At  this  point,  the  rms  error  can  be  differentiated  with  reEpect  to  A  and  the  result  set  eqitul  to  zero. 

This  operation  will  give  us  the  criterion  to  use  in  adjusting  the  analogous  servo  system  so  coat  c5  will  be  minimized. 

id  _0  ..wja-i.JW!  (V.B, 

If  a  new  parameter,  f),  is  defined  a n  p  -  t?  ,  Eq.(V-}2)  becomes 

A?  -  j3r'JA!  *•  Zpr'K  -  8  -=  o  (V-J>) 

From  the  experimental  data  for  the  remnant  term  considered  as  noise  at  the  input  (see  the  next  sub¬ 
section),  the  approximate  value  of  4>m<(0)  for  R.16  through  K.64  is, 

f„Bf(°)  -  (V-34) 

Also,  for  rectangular  input  spectra 

f?W  -  t^QJoUf  ~  *,.(0)/^  (V-35) 

The  parameter  (3  then  becomes 

4 (Qct  4*1, (0)  .  ,  2  /v 

p  ~  T  =  (v’36) 


*  This  point  is  the  first  place  where  it  was  actually  necessary  to  restrict  the  expressions  to  these  cases  for  analytical  sim¬ 
plicity,  although  we  had  already  taken  advantage  of  the  impending  simplification  in  considering  the  noise  essentially  white. 
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The  actual  toots  lot  A  from  Eq,  (V-33)  ate  therefore  functions  of  <yco  and  t\  Investigating  these  roots 
lot  the  values  of  ut0  and  ^corresponding  to  the  first  four  rectangular  spectra  forcing  functions  reveals  that  an-  ■ 
approximate  root  is  given  by  the  last  term  of  Eq.  (V-33)  divided  by  the  next  to  last,  i,e,,  -•  --  - 

X  ^  .J _ _  J _ A 

1  ~  2/3r'  -  2,'  ~  r. 

To  the  extent  that  r,  is  constant,  this  result  is  independent  of  the  bandwidth  of  the  forcing  function.  From  the 
definition  of  X  [see  Eq.  (V-}1)]; 


(V-37)  ~ 


\  _  JV.  r  . 

A<  7  =*  7: 

or,  since  T„  =  1/(2 rr/c),  and  the  average  value  of  r,  for  the  first  four  rectangular  spectra  inputs  (.328  seconds) 

*'•  ~  2nr  uCm  A  °-5  <v-38) 


If  the  Elkind  data  for  R.16  through  R.64  are  used  to  establish  a  trend,  the  result  is 


«/o  =  1-3  (V-39) 

The  correspondence  between  the  general  I  onus  of  Equations  (V-3B)  and  (V-39)  is  quite  startling  —  to  the  point  of 
being  misleading.  The  above  results  are  based  on  simplifying  assumptions  in  formulating  the  mean  square  error. 

It  should  be  noted  particularly  that  the  measured  incur,  equate-  errors  do  not  agree  well  with  those  computed  by  use 
of  (V-31)  for  R.16  through  R.64.  The  crux  of  the  answers  of  Fq.(V-38)  and  (V-39)  involves  three  relatively  simple 
steps.  These  are: 


(1)  The  assertion  that  A|  A  l/(2r0  is  an  approximate  root  of  A*  -  fir’1  A2  +  2jSr'A-  fl  0 

(2)  The  value  used  lor  r  in  the  expression  K[c  -  l/(2i rr) 

(3)  The  experimental  values  for  K[0. 

When  one  realizes  that  the  methods  nf  obtaining  values  of  r  lot  the  first  four  rectangular  spectra  were  relatively 
crude,  and  that  the  accuracy  of  the  data  of  the  next  section  yielding  <I>m, ,  which  is  involved  in  p,  is  subject  to 
some  question,  etc.,  the  fairly  close  correspondence  of  Equations  (V-38)  and  (V-395  tends  to  lose  significance. 
Howevet,  even  a  difference  of  a  large  factor  in  the  two  results  would  still  give  one  a  considerable  amount  of  in¬ 
sight  into  possible  behavioral  criteria  and  it  is  in  this  sense  that  the  entire  development  is  considered  interest¬ 
ing.  While  it  would  be  too  much  to  say  that  the  operator’s  criterion  demands  that  he  attempt  to  minimize  the  rms 
error,  it  is  probably  possible  to  state  that  the  actual  criterion  used  by  the  operator  gives  results  which  ore  similar 
to  this  one. 

To  put  a  pedagogic  interpretation  on  the  foregoing  development,  it  may  be  considered  to  he  a  theoreti¬ 
cal  structure  for  evaluating  subsequent  tracking  data.  In  this  regard,  first  Phillips  and  Sobczyk  [44]  and  then 
Walston  and  Warren  [B8l  have  applied  mean  square  error  techniques  to  the  interpretation  of  tracking  data  in  terms 
of  transfer  functions.  Iu  1943,  Phillips  and  Sobczyk  made  the  assumption  that  Yf  =  1C  e"T*[(Ts  +  l)/s]  and  then  used 

I  Hr  rms  minimization  concept  and  sfahil.fy  criteria  ro  derive  aided  rrarking  Mtin«.  Walston  and  Warren  esnnnaad 
an  a  priori  linear  plus  noise  model  in  which  the  describing  function  had  the  same  form  as  used  by  Phillips  and 
Sobczyk,  Then  by  comparing  theoretical  with  measured  mean  square  errors  as  well  as  taking  stability  restrictions 
into  account,  they  were  able  to  determine  fairly  consistent  values  for  the  parameters  of  their  model  after  an  exten¬ 
sive  and  careful  series  of  experiments. 


2.  Russell's  Simple  Tracker 

Just  as  Elkind's  exper'-wats  represent  an  impressive  attempt  to  study  the  effects  of  forcing  function 
characteristics  upon  a  simple  control  loop  with  a  human  operator,  the  work  of  L.  Russell  is  an  elegant  effort  to 
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|*ovide  the  experimental  basis  for  determining  the  gross  effects  of  controlled  element  •variation  on  the,  operator’s 
linearized  transfer  characteristics.  While  RuaseU  [70]  studied  a  wide  variety  of  controlled  elemtnt.dynaniics.  the 
results  presented  in  this  subsection,  in  keeping-- with  ourgeneraLplSn,  aie;those  obtained  for  a,"simpie^*i^eri^  ,  .  - 
T/ith  no  controlled  element  dynamics  save  for  the  charaoteristies  of  the  niecHanic.nl  linkages  through  which  tracking 
was  effected.  _  .  ^  .  ' 


Kusseil’s  experimental  setup  consisted  of  an  oscilloscope  display  where  the  deflection  of  a  vertical 
line  from  the  center  of  the  scope  was  proportional  to  a  function  of  the  system  error.-  The  input  signal  consisted  of 
the  sum  of  four  sine  waves  selected  to  avoid  harmonic  relationships.  The  mechanism  used  for  gent.ating  the  input 
could  be  r-n  at  three  different  speeds,  with  the  result  of  a  speed  change  being  a  proportional  increase  or  decrease 
of  the  frequency  of  each  sinusoidal  component  while  leaving  the  amplitude  unchanged,  Table  2  and  Fig.  41  show 
the  various  components  of  the  input,  with  the  amplitudes  of  each  sinusoidal  component  being  given  in  terms  of 
inches  rms  deflection  on  the  oscilloscope  at  normal  gains.  These  forcing  function  forms,  while  not  as  general  as 
those  used  by  Elkind,  still  resulted  in  a  signal  which  was  random  appearing  to  a  high  degree.  The  error  signal 


Table  2.  Characteristics  of  Russell’s  Forcing  Function. 


INPUT  COMPONENT . 

amplitude  (inches  rms) . 

...  F| 

...  0.78 

F* 

0.52 

Fj 

0.29 

r* 

0.20 

FREQUENCIES 

Low  Speed,  eps . 

...  0.0442 

0.118 

0.192 

0.287 

rad/sec . 

. 277 

.7  41 

1.21 

1.80 

Medium  Speed,  cps. 

0.10S 

0.268 

0.457 

0.679 

rod/sec . 

...  .66 

1.68 

2.8/ 

4.27 

High  Speed,  cp*  . 

...  0.220 

0.563 

0.960 

1.43 

rad/sec . 

...  1.38 

3.54 

6.03 

S.98 

r->  cl 


Figure  41.  Russell’s  Power  Spectra  of  Low,  Medium,  and  High  Speed  Forcing  Functions 
sad  Approximate  White  Noise  Thru  First  Order  Filter  "Equivalents”. 
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I  Figure  42.  Russell's  'tracking  Apparatus. 

(Page  29,  Ref.  70) 

«  was  generated  hy  subtracting  a  function  of  the  operator's  output  displacement  from  the  forcing  function.  Physically, 

the  tracking  control  was  like  a  conventional  aircraft  control  "wheel”,  operated  in  a  fashion  similot  to  that  used  in 
co  nrroiiing  ailerons  (Mg.  42J. 

The  apparatus  was  set  up  so  that  both  the  system  error  and  the  operator’s  displacement  signal  could  be 
operated  upon  by  selected  transfer  functions.  This  arrangement,  shown  in  schematic  form  in  Fig.  43,  allowed 
Russell  to  vary  die  controlled  element  dynamics  in  various  ways. 

The  controlled  element  transfer  function,  VC)  is  the  product  of  the  transfer  functions  of  the  pre  and  post 
filters,  so  the  difference  between  post  and  pre  filter  positions  is  not  important  in  the  closed  loop  stability  sense  ?s 


Phase  *f*GL£  **•»*»*•>  A**PL<TCCE  *AT»C  '■«#<> 


long  as  the  operator  behaves  in  a  reasonably  linear  fashion.  However,  in  terms  of  particular  signal  characteristics, 
such  as  the  rms  error,  it  is  important  to  note  the  division  of  controlled  clement-dynamics  into  tHc  tffif'filtcr  elements 

■  -In  thergimple  tracker  case  neither  of  the  filters  had  d^namics;insetieihxHuss^il  presenfed  Jis  tcsuIts 
in  thefotm  ofNyquist  diagrams;  these  have  been  transcribed  intotfie  Bade  diagram  fwm;^h^ioEapcrnyehiencein  r 
curve  fitting-procedures  as  well  as  for  consistency  with  the  rcsTof  thisrepfart.  \  'r  .. 

-Averaged  data  for  four  low  speed  (0,277- 1.8  rad/sec)  simple  tracker  runs  are  shown  in  Fig. 44,  taken 
originally  from  Russell's  Figures  15, 33.  35  and  36.  4vera8et*  medium  speed  (0.66-4.27  rad/sec)  data  from  nine  tuns 
(originally  Russell's  Figures  11, 14,26, 29,  30,  32,  34,41  and  42)  arc  shown  in  Fig,  45.  Finally,  a  single  high  speed 
( 1.38-8.98  rad/scc)  run  is  given  in  Figure  46  from  Russell's  Fig.  20.  All  of  these  tuns  were  between  five  and  seven 
minutes  in  duration. 

It  will  be  noted  cn  ti.c  figures  that  the  dam  have  all  been  fitted  by  transfer  functions  of  the  form 


KeT'%  s+j)  Ker'‘(aTj  s  + 1) 
(7/s+l)  =  (7}s  r  ij 


(V-40) 


Unfortunately,  the  existence  of  but  four  data  points  for  each  input  characteristic  is  a  -evere  handicap  to  the  ana¬ 
lyst  interested  in  finding  analytical  models  which  approximate  the  data.  Of  course,  the  selection  of  the  simplest 
form  of  transfer  function,  consistent  with  all  the  data  of  the  three  runs,  leads  rather  directly  to  the  form  given  in 


..  W/utl 


Figure  -14.  Russell  Simple  Tracker,  Low  Speed  Forcing  Function,  Averaged  Data. 

(Source:  deference  70,  Figures  IS,  S3,  35,  36) 
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PHASE  ANCUE  AMPLITUDE  RATIO  MW 


tu 


Figure  43.  Russel!  Simple  Tracker.  Medium  -‘",'ccd  Forcing  Function,  Averaged  Data. 

A*/er««.e  70.  Figure*  11.  14.  vu,  v),  2Z,  22,  21.  12) 


Eq,  (V-40).*  However,  with  the  exception  of  the  high  speed  data  of  Fig. 46,  the  amplitude  ratio  points  do  not  define 
clearly  the  location  of  the  break  points.  As  a  consequence  of  this  shortcoming  it  becomes  necessary  to  make  some 
reasonable  assumptions.  Therefore,  it  was  assumed  that  the  values  of  r,  would  be  the  same  for  all  runs  and  that 
the  closed  loop  transfer  functions  derived  from  the  fitted  mode’s  si.vt.ld  fcc  stable.  Then,  the  superposition  of  the 
data  for  the  three  forcing  function  conditions  on  top  of  one  another  lead  to  the  conclusions  that  (with  the  above 
restrictions} 

KLO*  SPEED  ?  ^MEDIUM  SPEED  >  ^HIGH  SPEED 

“HIGHSPEED  >  “MEDIUM  SPEED  '’i.O'*  .1  ®EED  (V-41) 

The  observations  of  (V-41),  together  with  the  possible  necessity  of  a  lead  terra  for  the  high  speed  run,  are  actually 
the  most  significant  characteristics  that  can  be  obtained  from  these  data. 

Tith  all  vf  these  items  of  information,  the  data  points  can  be  fitted  quite  well  by  transfer  functions  of 
the  form  given  by  Eq.  (V-40).  The  value  of  r,,  however,  can  be  varied  over  n  fairly  wide  range  without  seriously 


•Only  the  single  High  Speed  run  demanded  a  lead  term  Tor  a  good  fit.  The  other  data  were  fitted  equally  well  by  a  simple  lag 
form  aimilar  ro  Elkind's.  Transfer  functions  obtained  using  the  simpler  fit  were:  Low  Speed,  56e’°'2rfAs/0. 103  r  ij;  Medium 
Speed,  10e“  “*/(s/0.53  '  i);  High  Speed,  2 1*  1.0  + 1).  This  last  lit  was  quite  poor  relative  to  that  gives  in  the  body  of 

the  report. 
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Figure  46.  Russell  Simple  Tracker,  High  Speed  Forcing  Function,  Averaged  Data, 
(.Source:  Re/etertce  70,  Figure  20. ) 


affecting  the  transfer  function  form,  i.e.,  tuning  one  to  complicate  the  transfer  function  with  an  additional  lag  or 
lead.  Since  we  have  no  real  basis,  in  Russell's  case,  for  deciding  which  data  points  were  more  accurate  than  others, 
one  should  probably  assume  that  all  were  about  equally  good.  The  single  high  speed  forcing  function  run  then  had 
the  most  influence  on  the  selection  of  the  ranges  of  r,  j  i.e.,  a  value  of  r,  was  selected  that  would  be  consistent  with 
a  residual  phase,  which  was  derived  from  the  form  of  the  amplitude  ratio  alone,  that  did  not  go  over  zero  degrees 
for  any  of  the  farcing  function  inputs.  A  r,  of  about  0.3  seconds  was  consistent  with  these  requirements. 

With  the  value  of  r,  selected  in  this  somewhat  arbitrary  fashion,  "residual”  phase  points  were  found  by 
subtracting  the  phase  of  from  the  measured  phase  data.  These  residual  phases  are  shown  in  Figures  44,  45, 

and  46.  The  residual  phases  were  then  fitted  with  the  aid  of  a  simple  template  for  lag-lead  transfer  functions, 
giving  values  of  a,  1/T;  and  1/Tj,.  The  amplitude  ratios  consistent  with  these  parameters  were  then  drawn  in  and 
the  gain  K  detetmined.  The  general  adequacy  of  the  fits  is  apparent  from  examination  of  the  figures.  Table  3  lists 
the  values  of  the  fitted  parameters.  It  should  be  noted  again  that  this  somewhat  tautological  fitting  procedure  is 
necessary  because  the  measured  amplitude  response  is  not  capable  of  defining  a  residual  plmse  with  sufficient 
precision  so  that  r,  values  may  be  determined  from  the  slope  of  f|tu  versus  oi  as  in  the  case  of  Elkind's  data.  This 
problem  will  recur  when  we  examine  the  Franklin  Institute  data. 

The  reader  should  carefully  note  that  the  numerical  values  assigned  to  the  transfer  function  models  are 
only  valid  for  r,'s  of  the  order  of  0.30,  and  the  selection  of  this  value  was  made  upon  nebulous,  though  internally 
Consistent,  grounds.  If  the  single  high  frequency  point  of  Fig. 46  is  ignored,  it  is  possible  to  obtain  equally  adequate 
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Tabic  3.  Recapitulation  of  Analytical  Transfer  Function 
Characteristics  Derived  from  Russell  Dim  for  r -  0.30  sec. 

INPUT  i/7}  1/7}  a  K 


Low  S^eed  . . 

0. 103 

13.5 

0.0076 

52.5 

Medium  Speed . . 

.37 

5.0 

.07d 

11.0 

High  Speed . 

.62 

3.7 

.167 

2.0 

tits  to  those  shown  in  the  figure  with  n  value  of  r  of  0.30  second  or  below,  without  having  to  add  terms  to  the  trans¬ 
fer  function  of  Eq.  (V-40).  This  conclusion.  And  the  relative  order  of  a  and  K  values,  are  really  all  that  one  should 
consider  important  from  these  fits  to  the  data  • —  the  actual  numbers  in  the  analytical  describing  function,  with  the 
general  structure  described  above,  are  subject  to  the  whims  of  the  analyst  doing  the  fitting. 

Cr.c  final  point  should  be  noted  —  the  above  data  would  also  be  consistent  with  a  transfer  function  form 

*  - 

if  1/7/v  >  20  rad/sec  (for  the  high  speed  input  run)  and  l/7j*  >  7  rad/sec  for  the  other  two;  and  in  addition, 
r  + 1/,- 1  r,  =  0.30.  On  this  basis,  the  value  of  reaction  time  could  be  adjusted  downward  from  0.3  seconds  to  some¬ 
thing  between  0.15  and  0.25  seconds.  Further 
(eduction  would  not  be  too  compatible  with  the  data. 

The  form  shown  in  Fq. (V-42)  is  somewhat  more 
desirable  than  that  of  tq. (V-40)  since  Yp  goes  so 
zero  as  s  goes  to  infinity,  as  it  should  from  physi¬ 
cal  considerations,  both  forms  are,  oi  course, 
equally  appropriate  approximations  over  the  fre¬ 
quency  band  of  measurement. 

3.  The  Franklin  Institute  Simple  Tracker 

The  final  scr  of  aimpic  tracker  experi¬ 
ments  were  performed  at  the  Franklin  Institute  as  a 
prelude  to  their  tests  on  the  description  of  human 
pilots  in  the  control  of  aircraft.  The  test  apparatus 
was  much  more  elaborate  than  that  used  by  other 
investigators,  consisting  primarily  of  a  cockpit 
rnockup  (Figures  37  and  48),  an  analog  computer  to 
generate  controlled  element  dynamics,  and  sundry 
data  reduction  u-d  forcing  function  gear  [31]. 


The  simulator  cockpit  contains  a  5  inch 
oscilloscope  which  presented,  for  the  simple  tracker 
experiments,  a  display  consisting  of  a  fiduciary 
cross  hairs  and  a  pip  representing  the  pilot's  target. 
The  operator's  control  was  a  conventional,  spring- 
loaded,  aircraft  type  control  stick  whose  feel  had 
been  designed  to  simulate  loads  on  an  F-80A  stick 
under  the  conditions  of  test  described  in  Section 
Vl-D.  The  static  characteristics  of  this  control  are 
shown  in  Figure  49.  These  static  characteristics 
are  valid  representations  of  the  stick  dynamics  to  a 


Figure  47,  Interior  of  Cockpit, 
Franklin  Institute  Simulator. 
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Figure  48.  Cockpit  and  Computer  Rack*,  Franklin  institute  Simulator. 

frequency  of  about  35  rad/sec  in  aileron  and  90  rad/sec  in  elevator. 

The  forcing  function  was  generated  by  r  white  noise  scare-,  feeding  through  a  three  section  RC  filter, 
giving  a  high  frequency  attenuation  rate  of  60  db/dec.  The  cornet  frequency  of  the  ri!<cr  was  adjustable  to  values 
of  1,  2  and  4  rad/sec  at  continuously  adjustable  irus  voltage  irvels.  The  system  error  was  two  dimensional,  consist¬ 
ing  of  an  azimuth  and  elevation  eric.  derived  from  subtracting  functions  of  the  aileron  and  elevator  control  positions 
from  the  forcing  functions. 

In  the  simple  tracker  espeiinve.it:.  the  siiiulmo.  was  instry-.enfed  a,  i  sue-'  cor, soiled  rrsc.ing  device 
with  a  two  dimensional  display.  No  aircraft  contoi  dynamics  were  generated.  Fach  of  rite  rlnr-j  forcing  function 
bandwidth  conditions  were  used.  The  forcing  functions  had  apprcxrmr.'ely  equal  statistics  in  both  aileron  and  ele-  S 

vator,  and  each  hod  an  amplitude  of  0.6  inch  tas  on  the  oscilloscope.  The  control  parameters  were  1.2  inches  CRO  § 

deflection  per  inch  azimuth  stick  movement  (at  the  top  of  the  stick),  and  3.2  inches  CRC  deflection  per  vrclt  inch  » 

in  elevation.  The  stick  hand  grip  position  was  about  28  inches  from  me  pivot  point  and  the  subject  was  about  28  | 

inches  from  the  scope,  so  the  above  control  ratios  arc  numerically  equal  whether  expressed  in  degrees  e.  inches.  | 

The  stick  forces  were  es  shuwn  ii  Figure  49,  i.e.,  1.35  Ib/dcgrcc  aileron  and  13-3  Ib/utg.-ee  elcvsror.  T«-<  ex-  ; 

pertenced  subjects  tracked  all  forcing  functions  in  the  presentation  or d  .;  of  1,  4  and  2  rad/sec  bandwid.'.s.  rr-ckirtg  j 

i  ' 

\ 

A 
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CONTROL  SURFACE  POSITION  (*(•»•>  CONTROL  SURFACE  POSITION 

Figure  49.  Franklin  F-80A  Simulator  Characteristics. 

in  elevation  and  azimuth  simultaneously.  Each  run  lasted  two  minutes,  with  a  three  minute  pause  between  runs. 

While  data  Irom  both  control  axes  were  available,  oniy  atieron  controi  was  analyzed,  and  of  chesc  one 
run  had  to  be  discarded  due  to  data  reduction  difficulties.  The  remaining  experimental  data  are  presented  in  Fig.  50. 

It  will  be  noted  on  the  amplitude  ratio  data  that  there  is  a  well  defined  lead  term  within  the  bandwjdrh 
of  measurement,  and  furthet  that  a  high  frequency  lag  outside  the  measurement  bandwidth  will  be  necessary  for 
stable  operation  if  the  phase  data  is  extrapolated  in  any  reasonable  way.  Therefore,  the  simplest  transfer  function 
term  cn.8dMei.it  with  stability  and  fitting  the  data  will  be 

Ker‘{Tls  + 1)  Ker'(aT,s  + 1)  . 

YpS)  (T,s  +  lMT*s  i  1)  ~  (7}s  +  \)(Ths  +  1)  (VM3) 

Following  the  general  procedure  noted  previously  in  the  discussion  of  the  Russell  data,  the  analytical  values  of 
the  transfer  function  approximation  were  determined.  These  are  summarized  in  Table  4. 
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a.  1  Rad/Sec  Forcing  Function 
Bandwidth. 


•>  Franklin  Data,  2  Subjects 


'Best  Fit*  Pilot  Transfer  Function: 

100  e-0-11*  r(s/0.5)  t  ll 

‘r  ~  [(s/0.04) +  1]  [(s/1.5)  +  I] 


oi  frad/*«c) 

0.01  0.1  1.0  10  100 


(l)  fret// sec) 


b.  2  Rttd/Sec  Forcing  Function 
Bandwidth. 


°  Franklin  Dota,  I  Subject 


'Best  Fit"  Pilot  Transfer  Function: 
y  _  40c~°'?*[(s/2)  i  11 

p  I (s/0. 11)  +  l]  [(s/4.55)  t  ll 


e.  4  Red/Sec  Forcing  Function 
Bandwidth. 


•  Franklin  Data,  2  Subject* 


'Best  Fit*  Pilot  Transfer  Function: 

v  15c~0-u'  [(s/3.0) ±jl 
Yf  ~  [(s/0.2)  + 1] [(s/ll)  + 1] 


Figure  50,  Franklin  Simple  Tracker. 
(Re/.  53.  Fig.  8) 


til  ( rod/ j 

0.01  0.1  1.0  10  too 
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Table  4  Recapitulation  of  Analytical  Transfer  Function  Qiarocte-rjalic* 
Derived  from  Franklin  Pata*  . 


CORNER  FREQUENCY  OF 

FORCING  FUNCTION  SPECTRA 

1/7/ 

i/r„ 

i/rt 

.  - 

K 

- 

1  Rad/sec 

0,04 

*  1.5 

0.5 

0.15 

100 

0.08 

2  Rad/sec 

.11 

4.55 

2.0 

.20 

40 

.055 

4  Rsd/scc 

.2 

11.0 

3.0 

.25 

15 

.067 

C.  HUMAN  OPERATOR  REMNANT  CHARACTERISTICS  IN  COMPENSATORY  SYSTEMS 
WITH  NO  CONTROLLED  ELEMENT  DYNAMICS 


1.  L  inear  Correlations 

Since  the  concept  of  a  describing  function  is  so  similar  to  common  transfer  function  usage,  the  reader 
probably  has  accepted  this  notion  readily.  On  the  other  hand  the  remnant,  which  is  by  no  means  as  familiar  a 
'■property”  of  system  elements  as  the  describing  function,  although  quite  as  important,  may  require  additional  dis¬ 
cussion.  This  lack  of  familiarity  arises  from  the  natural  translation  of  ideas  ubou'  linear  systems,  where  the  rem¬ 
nant  is  zero,  to  quasi-Iinear  systems  where  the  remnant  is  not  zero.  To  help  ovti.  i  s  this  deficient  h 

devoted  a  portion  of  Section  111  of  this  tepott  to  the  defini'1  of  ten  s  nr,.’  n.  a  •-’*  ..  .v  -  .it  r .  . . 1 

rhe  remnant.  Remnant  description  is  eattemely  important  .  >r  n.<*  %  •  ...  ••  aiqve.  ,i 

operator  description,  for  if  the  leiiiiianl  i.->  Uigc  it  niir.-.t  i  ’•  •  ,'u'.  *  'ion  llieuiiv.  .•*<•  not 

complete. 

It  will  be  recalled  from  Secrion  III  that  the  I  on  correiai  wi  was  a  air.iph:  mil  meaning,'' 
tlie  ratio  of  linearly  correlated  output  to  actual  outpur.  1  •  •herin<t,i:,  ,  terms  of  closed  loop  li.s'its, 

operator  output  power  density  spectrum  was  given  by 

<fcc  _  1/fl‘f,,  i  *i>„„  (V-44) 


where  the  closed  loop  describing  function,  H ,  for  a  simp, 
was  given  by 

-  1  - 


» socket 


<t> 


**  .*t 


i. sr  y/(l  +V').  The  linear  rorrelation  squared 
(V-45) 


o:  in  terms  of  cross-spectra  as 


’  11  *ec 


(V-46) 


Physically  p!  is  the  ratio  of  the  output  power  density  which  ir  ‘ in-  rly  coherent  with  the  iripyr.  rhn  >aml  output 
power  density.  .  •  -v  (  (  | 

It  will  also  be  reca’led  that  (he  total  remnant  r  v  to  sources  was  lumped  into  the  term  ■I’.. , ,  I1.,, 

physically  is  the  power  spectral  density  of  all  of  the  opera  •  a  ....  »it  whirh  cannot  be  explained  as  the  resuiL  ol 
a  deterministic  linear  operation  on  the  system  forcing  fun  -  chief  interests  then,  in  the  discussion  of  the 

remnant  term,  will  be  the  I  near  correlations  and  the  t  '■ 

Unfortunately,  the  Franklin  anJ  Pnxsell  sitrpi-  experiments  did  not  include  a  thorough  measure¬ 
ment  of  the  remnant.  It  is  possible,  however,  to  note  from  ,  ■  s  dar  'or  an  isolated  point  or  so,  and  from 
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-O-  A I  (1 .0*  rms) 

A 7  (0.32*  imi) 
—A—  A3  (6.1*  (nit) 


Figure  $1.  Linear  C:«telation  Squared,  Elkind's 
Experiment  II  —  Effect  of  Forcing  Function 
Amplitude. 

{Rif.  '■>!;  Fig, 


-U-  R.94 
R  1 .6 

--c  f  If 
-7—  .(4.0 


b. 


Figure  52-  Linear  Correlation  Squared, 
Elkind's  Experiment  III  —  Effect  of  Forcing 
Bandwidth. 

{Ref.  2),  Figures  4*7 c  6  4 -Sc ) 
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2.  Remnant  Data  and  Attempted  Explanations 

One  would  feel  confident  in  applying  a  linear  analysis  to  data  for  which  p  was  about  0.95,  butevgnjSO  - 
we  must  remember  that  p  is  not  the  sole  criterion  for  determining  linear  behayibr.'  This-jsjo  say.iowp’s  in'ciicate 
that  the  transfer  function  may  be  nonlinear,  but  the  actual  test  is-whethei  or  not' (he  measufed'transfer^character-  •_ 
istic  is  dependent  on  the  input  amplitude.  Little  would  be  gained  from' an  attempt  to;  explain  the  reasons -forfsijghr 
departures  of  p  from  unity  without  a  very  thorough  and  extensive  investigation  into  the  data  gathering,  reduction, 
and  processing  errors.  On  the  ocher  hand,  data  with  lower  linear  correlations  should  have  some  reasonable  explan¬ 
ation  if  they  are  to  be  considered  indicative  of  linear  behavior.  Our  major  attempt,  therefore,  will  be  to  provide 
possible  explanations  of  these  types  of  data.  Our  attention  will  be  confined  to  Elkind's  rectangular  forcing  function 
spectra  since  they  present  the  simplest  overall  picture  snd  wiii  he  easiest  fr»  neat  with,  FUtind’s  results  for  the 
total  closed  loop  remnant,  for  these  data  are  illustrated  in  Figure  55. 


-o-  R.  16 
R.24 
-P~  R.40 
R.64 
-O-  R.V6 
R  l  .6 


fOtOliiXf  Kc*> 


F  «,■•***  5*.  Normalized  Remnant  for 
Rectangular  Spectra  Forcing  F unctions. 
Elkind’s  Experiment  111  —  Bandwidth. 
[Ref.  23,  Fig*.  4 •'fa  and  4m8cL) 
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Elkind  notes  that  these  data  can  be  fitted  very  approximately  by  the  re!  ,  t  a* 

®*i/) 


^  ihk 


+i 


;V-5Q) 


where  the  parameter  C  is  of  the  order  of  0.8-1.0,  and  /„  is  about  1  or  2  cps.  He  f  .  "»r  notes  u:. 


(1)  None  of  the  spectra  exhibit  resonant  peaks  of  significant  magnituc  .  .’.her  in  t'n-  presented 
or  in  those  obtained  from  single  runs  with  any  of  the  subjects. 

(2)  The  bandwidth  of  the  closed  loop  remnant  does  not  increase  in  any  .  ■  •  proportion,  *  ay  with 

that  of  the  forcing  function,  i.e.,  the  remnant  bandwidth,  given  by  goei.  •  ■  •  ?  <■  >  tins  an 

/r„  increases  from  0.16  to  0.96  cps,  and  then  stays  at  about  this  same  value  as  the  .'in  ’ 
bandwidth  increases  to  2.4  cps. 

(3)  Oscillograms  of  response  and  direct  observation  indicate  that  the  human  operator's  re  -,|ses 
become  more  erratic  and  variable  as  the  forcing  function  bandwidth  increases. 

While  these  comments  are  not  solutions  to  the  problem  of  remnant  description,  they  do  offer  value'  lc  dues  for  ana¬ 
lytical  follow-up. 

In  Section  Ill  we  noted  thnr  components  nf  the  remnant  could  result  from  four  possible  ..-itc  es.  In  the 
present  instance  it  appears  reasonable  to  reject  the  possibility  of  the  operator  responding  to  othe  o.it  toe  supposed 
system  input  u:.-  he  in;;  highly  unlikely.  Although  a  nonlinear  operation  on  the  forcing  function  is  e  ,  -i.nib!/-  explana¬ 
tion  for  some  of  the  noise  power,  the  results  of  Klkind’s  Experiment  II  fortunately  indicate  that  st.-i  cor, linearity 

is  a  minor  factor  at  an  /co  of  0.24  cps.  Furthermore  it  would  be  desirable  to  save  as  much  of  the  u  et-ilness  of 
qunsi-linnar  description  as  possible,  therefore  alternate  explanations  of  the  remnant  will  he  ihmnu  '  >  examined 
for  their  applicability  in  tht  hope  that  we  will  not  have  to  consider  series  nonlinear  effects.  This  Vy  res  us  with 
the  following  remnant  sources  to  investigate  further; 

(1)  Injection  of  noise  which  is  not  correlated  with  the  forcing  function  into  the 
loop,  i.e.,  is  unexplained  by  any  linear  or  nonlinear  correlation. 

(2)  Nonsteady  behavior  of  the  operator,  i.e.,  essentially  random  variation  of 
operator  characteristics  during  a  measurement  tun. 

The  general  analytical  background  for  both  of  these  possibilities  was  developed  in  Section  HE  Sine,: 
way  of  knowing  which  source,  if  either,  is  dominant,  our  only  recourse  is  to  look  at  each  separate1/ 
that  aft  of  the  remnant  is  due  solely  to  that  particular  source.  We  are  not  in  any  way  implying  that  t 
none  explanation  necessarily  prevails,  but  we  use  this  approach  since  any  theory  based  on  u  mixture  v 
to  hypotheses  for  which  we  may  have  no  experimental  check. 

a.  Noise  Models 

If  a  portion  or  all  of  the  remnant  term  were  due  to  uneorreiated  noise  injected  into  the  loc  j  Use  ,.-oint 
of  injection  of  tills  extraneous  signal  could  be  almost  anywhere  within  the  human  operator  block  in  the  ,ck  diagram. 
From  the  standpoint  of  the  measurements,  the  operator  is  considered  to  have  only  an  input  and  output  u  rtnal,  and 
the  experimenter  can  measure  only  the  effects  occurring  at  the  output.  The  exact  source  within  the  ope-  or  bloc! 
and  the  spectral  form  of  the  components  th-*r  would  make  up  the  overall  signal  are  therefore  impossible  ro  ictermine 
by  experiments!  techniques  based  only  upon  a  two  terminal  model. 


r  have  no 
1  assume 
an  all  or 
crfrccs  leads 


*  Later,  wheu  we  desire  s  fit  suitable  for  simpler  interpretation  ud  expression  both  ts 


shsll  use  a  form 


(sin  /2wT  z 

ten  • w” 


With  T  allowed  to  vary  with  forcing  function  conditions. 


spectral  density  and  autoco. 
this  latter  form  provides  jus 


fir  as  that  given  in  F.q.  (V-50). 


:fion  we 
close  a 
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On  the  other  h:  •  i,  it  mt  !  e  possible,  by  the  following  process,  for  us  to  derive  some  equivalent  model 
for  noises  inserted  at  vat-lc  . ,  places 

(1)  Con-  '(ting  the  'osSd  loop  remnant  term  into  equivalent  open  loop  spectra.  , 

injected  .various;-  ints.  ....  i;..  ■  - 

(2)  Ate  ipting  to^i  'lop,  iroin  other  data  Jtnd  reasonable  assumpuehsi  a  saCtSble  '• 
a  pr;;>'  .,odel  havii  ,  vniilar  specttal  characteristics. 

The  first  step  of  the  proi  ss  is  simpli  enough,  and  is  independen  f  the  second  in  that  it  gives  answers  to  the 
question  "If  noise  were  ,scted  by  th>-  *i  ratot  at  a  particular  form  would  it  take?’’  The  second  step, 

no  matter  how  success'. ?  t>  rnodei  is  d  -  .  ed,  must  be  consid  ,nty  an  "equivalent"  hypothetical  model 

nt  best.  Such  a  model,  vever,  is  mu  1  ntcr  than  notin'  may  be  os  realistic  in  describing  some  of 

the  operator''  actions  a  the  describir.-.  action  is  for 


To  obtnir  .  i  idea  of  the  pc:,  forms  t*  .• 
first  converted  to  an  op  n  loop  form.  T.n  .  wo  simp!  ■ 

U)  11  of  the  closed  k.  o  reru  .  . 

I,/  ■  ie  operator  at  ids  put 
c  will  then  be 


taken  by  an  injected  noise,  the  remnant  term  is 
to  find  arc  ihose  corresponding  to  the  cases  where 

.‘Siiised  to  be  due  to  noise  injected 
spectral  density  of  this  open  loop  output 


i 


1>ni 


lit  vi!i\ 


_  *h 

,r'"" 


// 


CV-51) 


■V 


(2)  All  ot  the  closed  lt.<  remnant  is  assumed  to  come  lio.-n  noise  injected  by 
the  opeiator  at  his  jlipu  ,  he  power  spet-rral  density  of  this,  open  loop  input  noise 
will  be 


k 


iff  i2 


(V-52) 


f.  The  values  of  d{  and  ,Pnn</J0~<i,u  i!  or  Elkind’s  rcctanguloi  spectra  have  been  computed  using  his  expe.-i- 

;£ncntally  determined  values  of  4’n«//*<fuif/  *'  .  .55);  V  (Fig.  29);  and  H  [23].  These  are  shown  in  Figures  56-62. 

{  ^Examining  the  form  of  these  plots,  it  is  iron  -.rely  apparent  that  no  one  simple  spectral  form,  even  with  adjustable 
parameters,  will  fit  all  of  the  data  well. 

r  The  <ll,m  curves  for  K.  10  to  K.6t  •  ..wed  as  a  whole,  appear  to  be  fitted  best  by  a  horizontal  straight 

inline  at  about  -18  db.  If  the  4>n,  values  for  th-  •  input  bandwidth*  have  any  experimental  significance  (it  is  certainly 
Lpossible  that  they  do  not  have  much  signifies  .1  cr ,  for  <)„„  in  these  cases  corresponds  to  about  5%  or  less  of  the  out- 
,'fcput  power  and  the  experimental  inaccuracies  *.t  nsr  well  known),  then  tor  these  cases  appears  to  be  apprmri. 
r  mately  white  over  the  frequency  range  of  the  ■’<■■■  ing  function  and  has  a  dc  value  of  about 


f 


l‘L 


(V-53) 


r  -tic  "  'u.iia'r;;'  .  ct annular  input  spectra,  frequency  level  of  increases,  with  the  higher  frequency 


Lbe'nanor  t 


nig  - 


slightly  tnw». 


h  -re  <1>M;  might  even  be  fitted  with  the  form  f  1  +  (Toj)2]j. 


The  ‘J>„„(data  are  somewhat  mo.c  •  "...  ...  —  • '  of*  for  $„„f ,  but  not  to  tiie  point  that  tiiey  are  easily 

lisceptible  to  a  fitting  by  a  single  simple  araly.'.-  •!  form.  1:  will  be  noted  that  the  general  behavior  of  the 
pta  indicates  a  decrease  in  the  low  frequency  a  :.tude  i.  1  and  an  increase  in  the  bandwidth  as  fca  increases. 

After  trying  a  wide  variety  of  analv..  -  forms  1  -  -uj  attempt  to  fit  ail  of  the  tf^data  with  a  similar 
S  Vtity,  it  was  concluded  that  the  form  [(sin !',/  /T  1  *  is  the  most  generally  appropriate  apptoximatiun.  The 

4data  of  Figures  56  through  62  show  the  test  Its  if  thi.  ti  and  Table  6  summarizes  the  fitted  parameters.  The 
ac  nacy  of  the  approximation  is  variable,  but  .  ts  ■*  rly  d  for  the  higher  bandwidth  forcing  functions  which  are 

our  *“jn  concern.  Figure  63  shows  the  intereKtiag  .i.d  »  -c  variation  of  1/7^  versus  /„  lot  this  model,  i.e., 
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Figure  56.  Remnant  Characteristics  0/  the  Elkind 
Compensatory  Experiment  R.16.  Rectangular 
Forcing  Function  Spectra:  tins  amplitude  =  1  inch 
and  /„  -  0.16  cps.  Fitted:  [(sin  M<uT)/(54<o7)lJ . 

( Reference  2),  Figures  4-7.  4-U.) 
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Figure  57.  Remnant  Characteristics  of  the  Elkiud 
Compensatory  Experiment  R.24.  Rectangular 
Forcing  Function  Spectra:  tins  amplitude  =  1  inch 
and  /co  =  0,24  cps.  Fitted:  [(sin  l^ajT)/(l^ccT)]r  . 

(Reference  23.  Figures  4- 7,  4-1 1.) 
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Figure  $8.  Remnant  Characteristics  of  the  Elltlnd 
Compensatory  Experiment  it. 40.  Rectangular 
Forcing  Function  Spectra:  tms  amplitude  =  1  inch 
and  4o  =  0.4  eps.  Fitted:  Us»o  J4r>j7')/(/4<u7')]*  . 

( Reference  2i,  Figures  4-7,  4-11.) 
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Figure  60,  Remnant  Characteristics  of  the  Elkind 
Compensatory  Experiment  R.96.  Rectangular 
Forcing  Function  Spectra:  rtns  amplitude  =  1  inch 
and /co  =  0.96  cps.  Fitted:  Msi"  Mfi>T)/(J$<£jT)]J  . 

(Reference  2),  Figures  4-8,  4*12. ) 
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Figure  61.  Remnant  Characteristics  of  the  Ellcind 
Compensatory  Experiment  R  1.6.  Rectangular 
Forcing  Function  Spectra:  rms  amplitude  =  1  inch 

and  /co  -  1.6  cps.  Fitted:  Usin /6o)T)/l/5<i>T)]j. . 

(Heferenee  2i%  Figures  4*8,  4*12.) 
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Tahle  6.  Output  Noise  Parameters  Obtained  by  Fitting  %nc  with  2TC<&4 


ITEM 

2<V4)/j pm/ 

FREQUENCY 

•  or  - 

FIRST  ZEROt 
# 

Tc 

(WjV 

.  -file . 

DC  VALUE t 

(Hb) 

DC  VALOR 
(linear) 

cm/- 

R.16 . 

52.5 

420 

0.19 

5.26 

40.0 

R.24 . 

42.5 

133 

.30 

3.33 

20.0 

R.40 . 

22 

12.5 

.56 

1.79 

3.5 

R.64 . 

+ 14.6 

5.40 

1.05 

.95 

2,83 

R.96 . 

+  6.5 

2.13 

1.40 

.715 

1.49 

R1.6 . 

+  1.5 

1.20 

2.1 

.475 

1.26 

R2.4 . 

-3.0 

.74 

2.9 

.345 

1.0H 

t  Actual  data  derived  from  curves  of:  IVlVlff!2.  ^nn//|j  $iidf  K  ^nnf« 


Figure  63.  Variation  of  Frequency  of  First  Zero  with  Cutoff  Frequency 
for  Elkind  Rectangular  Forcing  Functions. 
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(V-54)  jl 

....  L 

.  Slope  the  assumed  [(sin  }4c>Te)Al4 0iT«)32  fona. .appears  to  yield  a  fairly  re.aapaajbk  fit,  it  itjiikUaWe ,-ii»  - }  fe 
see  whether  something  equivalent  can  be  derived  on  an  a  priori  basis;  To  do  this  uc  'shAll  assume  that;' 

(1)  The  human’s  output  response,  c(t),  can  be  approximated  by  a  series  of  discrete  steps  spaced  Tc 
seconds  apart.  Each  step  is  assumed  to  consist  of  two  components 

(e)  A  pan,  Aes(r),  linearly  related  to  the  forcing  function. 

(b)  A  pan,  n(t),  representing  random  error  or  noise  in  the  discrete  step  which 
is  not  linearly  related,  in  a  deterministic  fashion,  to  the  forcing  function. 

Ths.ocU:-  ;tii.pur.;oi  of  each  step  is  independent  of  cli  other  steps. 

(3)  A  sort  of  Weber’s  law  type  of  variation  applies  to  the  overall  behavior.  That  is,  the  mean  square 
error  in  the  disciete  step  is  assumed  to  be  proportional  to  the  mean  square  value  of  Ap0l  the  linear  com* 
ponent  of  this  step,  or 

n(<)2  =  o2  ~  Ae„(r)2 

A  time  function  having  the  above  sort  of  characteristics  is  shown  in  Figure  64.  From  the  form  of  the 
time  function  and  the  assumptions  given  above,  the  autocorrelation  function  can  be  derived.  Fairly  obviously,  the 


Figure  64.  Typical  Time  Variation  of  Noise  and  Autocorrelation  Function. 

autocorrelation  of  n(r)  will  be  of  the  form  shown  in  the  second  figure.  The  autocorrelation  will  depend  only  upon 
tr„  and  r,  and  will  be  independent  of  the  amplitude  distribution  of  the  steps  composing  n(t).  Both  of  these  facts  can 
be  shown  as  follows: 


•  The  assumption*  and  part  of  this  development  are  similar  to  s  discussion  appearing  in  Reference  23,  It  differs  in  detail,  how* 
ever,  in  several  important  respects. 


if  I 

a  i 

E*  | 
43  j 
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If  «.  is  the  magnitude  of  a  particular  step  of  n(t),  then 

n(f)  **=  «.  {torn  t  -  mT  to  «  =  (m  +  l)T 

The  magnitude  of  these  steps  has  some  probability  distribution  p(x).  The  probability  that  4,  lies  between  x  _ 
and  *  +  dbt  is  then  7"~  -  '  . 

P(x  <  a,  <  x  +  dx)  =-  p(x)d* 

In  terms  of  the  second  probability  distribution  the  autocorrelation, is 

where  pj(x,,r,;  dx2  is  the  probability  that: 

(o)  n(t)  lies  between  x,  and  *;+  dxl  at  time  r, 
and  further  that: 

(b)  n(t)  lies  between  x,  and  x2  +  dx}  at  time  /j  (or  r  seconds  after «,) 

The  first  problem  is  then  to  compute  the  second  probability  distribution.  This  can  be  done  by  considering  the 
following: 

(1)  The  probability  that  n(t)  lies  between  x,  and  x,+  dxtat  any  time  I  is  simply  p(x,)<fxt 

(?)  The  probability  that:  n(t)  has  the  same  value  at  time  r,  as  at  time  f,  is  the  probability  that  t,  and 
(or  r,+  r)  lie  in  the  same  time  interval  [between  say  mT  and  (m  +  1)TJ.  This  probability  will  be 

I-lr/Tl  if  Irl  <  r 

0  if  irl  ■>  r 

(3)  Also,  tor  |r|  >T,  n(t?)  is  completely  independent  of  n(r,),  from  assumption  (2)  above.  So  for  this 
case,  the  second  probability  distribution  is  simply  the  product  of  the  first  distribution  by  itself,  i.r., 
Xj.f,)  p(x, ,/|)p(xj,/j).  The  portion  of  the  autocorrelation  due  to  these  terms,  i.e.,  for  |rl>T, 

is  then 

KW|Tl>T  =  //x,x2 p(x, , *,)p(xj, 1 2) dx,  dx,  [/*,(<(*, , r,)dx,] [ /x2p(t2, r2)<£t2l 

—  3f  ■  x  =  0 


since  the  mean  value  of  n(t)  is  zero  by  definition. 

Then,  From  these  considerations  the  second  probability  distribution  becomes: 
p1dxldxJ  =  |l-!jr]p(x)(fv  ,  M  iT 
~  p(xj)pUj)aX|  dxf  ,  irj  >  T 

The  part  of  die  autocorrelavion  for  M  >T  has  already  been  shown  to  be  zero,  so  the  entire  autocorrelation 
function  is 

Pit)  =  f“x2p(x)(l~W]dx  for  Irl  nr 
=  0  lor  Irl  >  T 

Since  the  integration  is  over  x, 

*M  -  # 

<=  0  Irl  >  r 

Finally,  the  quantity  f.Kx2p(x)dx  is  just  the  mean-squared  value  of  »(<),  or  0%,  That  is 
n(r)J  ~  d  =  p(x)  dx 
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Therefore  the  autocorrelation  is 

*Wr)  =  °n(l-y); 

0 

and  is  independent  of  the  probability  distribution  of  the  individual  amplitudes  of  n(0, -being  dependent  only — — 
upon  their  mean-squared  value,  and  their  spacing  in  time. 


The  spectral  density  is,  of  course,  the  Fourier  cosine  transform  of  the  autocorrelation,  or 


•4  C'RnnW  cos  i,r^r 


AfT2 f,  Idl 


cartlr 


-  2  (Tel) 


o,T 


2 


This  is  the  intetesting  and  well  known  spectrum  given  in  Figure  65. 
it  ;  so 


sin2* 


(V-561 


has  its  first  zero  at  *  =  it. 


T  =  —  -  -  .  This  spectral  form  is  encouraging  since  we  have  already  concluded  that  a  l(sin*)/*]J 
"i  /| 


form  was  the  most  generally  appropriate  simple  approximation  co  the  data.  The  values  of  /,  have  already  been 
determined  from  the  empirical  data  (Table  6  and  Fig.63).  The  mean-square  value,  of  the  assumed  output  noise 
can  alsr  be  determined  from  the  curve  fits,  and  values  are  tabulated  in  Table  6.  A  very  approximate  relationship 
between  <r„t  and  forcing  function  characteristics  for  the  R.40  through  R2.40  spectra  is  given  by 

-JL-  j.  LZ?  (V-57) 

-  V/Z 

This  equation,  together  with  Equations  (V-54)  and  (V-55)  can  be  considered  tv  be  an  equivalent  model  for  remnant 
"explanation"on  the  hypothesis  that  all  the  remnant  is  due  to  noise  injected  by  the  operator  at  his  output.  To  the 
extent  that  the  data  fits  represent  the  actual  results,  we  can  say  that  the  human  output  contains  an  error  component 
which  consists  of  a  series  of  discrete  steps  spaced  an  average  of  Tc  seconds  apart.  Also,  that  the  tms  value  of 
-'.  eird-m  so  .n<mrf  root  function  of  forcing  function  cutoff  frequency  and  the  time  between 

steps  is  an  inverse  function  of  forcing  function  frequency, 

With  this  crude  model  of  the  data  established,  we  can  now  continue  with  the  development  of  the  a  priori 
model.  The  next  pait  of  the  problem  is  to  derive  an  approximate  relationship  for  c,2.  !«  r,  ic  the  velocity  of  the  input 
and  I!  -  V/(l  +  V)  the  closed  loop  describing  (unction,  then  the  velocity  of  the  linearly  correlated  part  of  the  output, 
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previously  defined  as  Ac0,  will  be  v,ii.  If  we  assume  that  (he  velocity  is  approximately  constant  within  the 
interval  T ,  then  utHT  is  approximately  equal  to  the  incremental  amplitude  of  the  liiieajtly  qorrelaiied  oufpgt,  A^  « 
i.e.,  '  ■  .  ■  -r?-  ■ 

.\eQ  *  v,HT  ‘  -  .  ■  — 


A  el  =  (viHTY  : 

T  has  been  assumed  cunstant  previously,  and  H,  which  is  fairly  constant  over  the  bandwidth  of  interest,  can  be 
replaced  by  nn  average  value,  Ha,  These  crude  assumptions  and  approximations  allow  us  to  evaluate  A c$  easily 
without  having  to  integrate  all  the  terms  represented  by  (t ^HT),  since  then  becomes 

Al-j  =  (HaT)*hy 

The  measi-square  velocity  of  the  input  is  simply 

67s  -=  UrfiZf*' v.iai 


\e>  -  (2n)J(HQT)V“ Mudf 

Since  we  assumed  a  kind  of  Weber  law  type  of  variation,  i.e.,  <*,?  =  «(l)?  a  (Aej)’,  and  is  even,  then 
Oh*  «  <V-38) 

If  all  the  above  assumptions  are  correct,  we  would  expect  the  open  loop  output  noise  spectia  to  be 
proportional  to: 


C^adl 


C*»“f 


For  the  rectangular  for.  ins  function  spectra,  the  ratio  of  the  integrals  involving  4>y  will  be 

O'^f  _  %mfia  _  4i 

j~*udt  3*„(0)/„  “  3 

For  rectangular  forcing  function  spectra,  then,  the  open  loop  output  noise  spectra  should  be  of  the  form 


ife  ■  HIST 


If  the  experimentally  determined  value  of  T  =  0.7 i/ln  is  used,  the  low  frequency  value  of  4*^  should  be 

£r7,  *  *r  <M" 

4  *«<*/  /» 

The  actual  data  to  check  this  possibility  are  summarized  in  Table  7,  While  the  general  trend  of  these  data  is  in 
the  proper  direction,  the  higher  input  bandwidth  information  is  much  closer  to  a  variation  of  4^(0)  with  the  square 
not  of  than  with  the  quantity  itself.  If  the  lower  inpur  bandwidth  data  are  admitted)  the  overall  trend 

becomes  more  closely  proportional.  A11  in  all,  the  overall  model  is  not  too  bad  an  approximate  "explanation”  of 
the  remnant. 
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Table  7.  Data  to  Check  the  Possible 


«W«>)  \HaV 

Proportionality  of  ■*—-  and  — — 

/„  ■M/ 


INPUT 

MEASURED 

<Mo) 

IWJ2 

I/4I1 

L 

0.16 

420 

1.0 

6.25 

.24 

130 

0.98 

4.10 

.40 

12.5 

0.93 

2.30 

/A 

5.4 

0,827 

1.30 

.96 

2.1 

0.532 

0.55 

1.6 

1.2 

0.250 

0.16 

2.4 

0.74 

0.075 

0.0  J 

If  the  above  type  of  model  is  considered  adequate,  its 
consequences  would  tequire: 

0)  The  operator's  output  would  tend  to  be  a 
jerky,  step-like  motion  which  is  more  or  less  the 
result  of  a  linear  operation  on  the  forcing  function 
and  which  contains  a  random  "error”  whose  rms 
value  is  roughly  proportional  to  the  linear  portion 
of  his  output. 

(2)  The  average  time  interval  between  these 
stcp-lilce  motions  should  be  directly  proportional 
to  the  input  bandwidth. 

and  observed  operator  behavior  which  is  similar  to 
both  of  these  cha.aetctistics  has  long  had  its  proponents 
among  engineering  psychologists,  so  the  output  noise  model 
also  has  a  certain  amount  of  soul  satisfying  and  intuitive 
merit.  At  the  present  time,  however,  it  must  be  considered 
only  as  a  hypothesis  which  is  reasonably  consistent  with  the 
available  experimental  evidence. 


b.  Model  Baaed  Upon  Nontteody  Operator  Behavior 

The  second  origin  of  the  remnant  to  be  considered  is  the  possibility  of  nonsteady  opel.ttor  behavior. 
Our  only  recourse,  ns  before,  is  to  assume  that  the  major  portion  of  the  remnant  may  be  described  by  a  nonsteady 
operator  phenomenon,  and  then  to  develop  the  consequences  of  such  an  assumption.  In  this  case,  the  spectral 
density  due  to  nonsteady  operator  behavior,  will  be  approximately  equal  to  ibe  total  remnant,  i.c., 

(V-62) 


Under  these  circumstances,  the  analysis  of  Section  III  reveals  that  thr  autocorrelation  of  the  uncorrelated  stochastic 
variation  in  rhr  closed  loop  transfer  function,  AH(|)  will  be  given  by 


kA/'A«W 


KanW 

K„(r) 


(V.<>3) 


n 

!! 


To  determine  the  type  of  RApA/r(r)  which  would  have  to  exist  if  nonsteady  behavior  were  the  sole  ex¬ 
planation  for  the  remnant,  »o  can  compute  K„„(r)  and  R„(r),  and  then  use  Equation  (V-63).  This  process  is  shown 
in  the  following  paragraphs  for  the  F.lkind  rectangular  spectra  data. 

The  power  spectral  density  of  the  normalized  closed  loop  remnant  can  be  approximated  quite  closely  by 


C<M/ 


(V-64) 


Tahir  3  sujr-isrvtists  the  constants  of  approximate  fits. 

For  the  rectangular  spectra,  then  the  spectral  density  of  the  remnant  is  approximately 

fi 


...  ,fsin  MtuTj]1 

-^rirsp 

The  autocorrelation  function  corresponding  to  Eq.  (V-65)  is 


(V-65) 
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Table  8.1  Dciivcd  Data  lei 

Cm 

.  ,{sin /ituT!)2 
F.ucd  by  j  . 


INPUT 

Cn 

«b> 

Cn 

(linear) 

i  =  /i 

1 1 

2  C‘,l 

"AW  T 

R  .16 

-18.5 

0.122 

3.0 

0.183 

R  .24 

-18.6 

.120 

3.0 

.181 

Iv  .40 

- 1 7.0 

.142 

4.2 

.298 

R  .64 

-15.0 

.180 

4.6 

.414 

R  .96 

-11.7 

.265 

5.2 

.690 

R1.6 

-7.1 

.441 

5.2 

1.145 

R2.4 

-8.7 

.373 

8.0  (Poor) 

1.48 

t  Set  Figures  56  to  62. 
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on  a  straight  line  of  unit  slope,  with  the  exception  of  the  point  for  R2.4,  where  [(sinx)/x]J  is  a  rather  poor  fit  for 

•  The  approximate  equation  is 

*  0.7/co  -  .  .  .  ’(V-71)  '  "I 

From  tills  result,  it  appears  that  the  nonsscady  operator  behavior,  as  measured  hv  the  computed  value  fr*pr'fhusr:-C~'' 
increase  approximately  linearly  with  forcing  function  cutoff  frequency.  Since  the  value  of  fco  is  the  primary  measure 
of  task  difficulty  for  Elkind's  rectangular  spectra  experiments,  this  would  imply  that  the  more  difficult  the  task,  the 
larger  the  nonsteady  operator  behavior.  This  logical  conclusion  from  the  results  of  the  nonsteady  assumption 
appears  reasonable,  and  in  a  qualitative  way  checks  well  with  general  observations  of  recorded  operator  responses. 

Since  the  o\l:  required  to  explain  the  remnant  in  nonsteady  terms  looks  fairly  reasonable,  it  is  desirable 
to  proceed  further  in  an  attempt  to  derive  other  consequences  resulting  from  the  assumption  of  nonsteady  behavior 
and  its  imposition  upon  the  data,  shall  therefore  consider  both  the  T,  and  the  normalized  autocorrelation  function, 
^AWahWAa//,  required  to  match  the  data, 

The  values  of  T(  determined  trom  the  fitted  data  (see  Table  8)  vary  from  0.33  to  C.19  seconds  in  a  fairly 
orderly  fashion,  in  a  very  approximate  way  Tt  i  0.5/(cncoi'/3,  though  perhaps  an  average  value  for  T  of  about  0.25 
seconds  is  just  as  appropriate. 

To  get  a  better  feeling  for  the  major  variation  in  the  autocorrelation,  the  normalized  autocorrelation, 

R,\ fQt  the  R.96  data  is  shown  in  Figure  67.  As  can  be  seen  from  the  figure,  a  very  good  approximation 
is  just  the  simple  form  (l-Irl/Tj).  This  is  also  the  case  for  the  lower  fco ’  S.  For  the  hr.o  and  R2.4  data  the  approx¬ 
imation  is  not  so  good,  and  the  form  (l-irl/7j)ll+  (i^ar)2/6]  is  superior.  To  the  extent  that  the  simple  form  is  a 


lo’r 


Figure  67.  Sanple  Variation  of  the  Normalized  Autocorrelation. 

good  approximation,  Aff(l)  would  have  to  consist  of  a  time  function  similar  (in  its  boxcar-iike  structure  and  average 
time  intervals)  to  that  shown  previously  in  Fig.  64.  In  other  words,  a  random  time  variation  in  the  closed  loop  trans¬ 
fer  function  having  axis  crossings  on  an  average  of  about  0.2-0.33  seconds  or  so  would  be  required  to  explain  the 
remnant  term  on  a  nonsteady  basis. 
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Perhaps  the  roost  profound  consequence  of  the  above  results  is  the  tentative  assertion  that  a  linear, 
chough  time  varying,  model  is  suiiahlc  to  describe  the  data  presented  thus  far.  "plat  is,  the  total  action  of  the  - 
human  in  Elkind's  task  can  be  closely  approximated  by  using  a  time-varying -transfer  function  H(/tu; r);  •  On  this  !  • 
basis,  the  linear  .correlation,  p,  becomes  a  measure  of  the  non-steadiness  of  the  operator.  Likewise, ithp  remnant 
would  not  be  the  result  of  a  nonlinear  operation,  but  rather  rhe  .consequence  of  an.uiicorreluted, time-varying, portion, 
of  the  transfer  function,  ft  is  also  desirable  to  note  again  that  the  nonsteady  behavior  is  a  strong'fwnetfon  of  task 
difficulty.  Therefore,  if  the  nonsteadv  model  is  used  as  a  remnant  explanation,  p  becomes  a  reasonable  definition 
of  task  difficulty  (which  it  really  is  in  general  anyway)  and  afH  is  a  good  particular  definition.  Whether  such  a 
definition  of  task  difficulty  in  terms  of  p  will  obtain  with  controlled  element  dynamics  in  the  loop  remains  to  be 
seen.  Actually,  if  the  operator  is  generating  a  Yp  to  equalize  Y  his  repertory  of  possible  Ypft  may  become  severely 
restricted  as  the  task  becomes  more  difficult.  Hence,  if  p  is  due  to  nonsteady  behavior,  our  conclusions  may  not 
carry  over  to  this  case. 

The  level  of  values  of  o*H  shown  in  Tig. 66  and  the  results  of  the  above  discussion  appear  quite 
reasonable,  so  it  appears  that  nonsteady  behavior  is  a  distinct  possibility  for  explanation  of  the  temnant.  It  is 
therefore  desirable  to  carry  the  analysis  further  to  explore  the  required  open  loop  characteristics.  Unfortunately, 
the  open  loop  variations  requited  to  give  the  required  cloned  loop  All1  are  difficult  to  assess.  This  can  be  shown 
if  we  assume  that  the  open  loop  transfer  function  is  given  by  Y(ju-,t)  ^(/cu)  +  AYr(f),  for  then 


f/(/tu;  f)  -  ff0(/6j)  i  A//0) 


V(/to;  f) 

1  +  Y(ju>;  () 


V0(/V>)  i  l\Y(l) 

1  +  V4(/«)  +  AV(ij 


(V-72) 


As  can  be  seen  by  Eq.  (V-72),  the  solution  for  A V(f)  in  terms  of  AffU)  presents  a  touchy  problem.  However,  if 
A  YU)  is  much  less  than  1  i  V,((m) ,  then 


or 


H0(/«a)  *  A //(() 


Yjijci) 

i  +  Ve(/<u) ( 


A  HU) 


A  YU) 

1  t  Yqijco) 


A  Y{i) 


AYU) 

1  +  YqijOl) 


(V-73) 

(V-74) 


Under  the  special  restrictions  leading  to  (V-74),  the  approximate  open  loop  transfer  function  time  variation  will 
generally  be  larger  than  the  closed  loop.  It  will  tend  to  approach  the  closed  loop  value  as  //0 (/&>)/ V0(/»v)  approaches 
unity.  This  latter  condition  becomes  approximately  the  case  when  the  tasks  are  particularly  difficult,  i.e.,  ns  /tu 
becomes  large  in  Elkind's  examples  where  V)  - 1. 

From  the  general  variation  of  l'0(/cj)  and  K^AW(r)  with  forcing  function  conditions,  a  fairly  consrant 
r)  would  almost  suffice  to  describe  the  remnant  behavior.  This  observation  leads  to  the  conjecture  that  the 
operator's  bandwidth  limitations  and  optimalizing  behavior,  coupled  with  a  small  amount  ot  nonsteadiness,  inevi¬ 
tably  leads  to  large  remnants  for  broad  forcing  function  bandwidth*.  The  oprrator  could  then  get  around  this  to 
some  extent  by  not  optimalizing  as  much  as  was  done  on  these  runs,  i.e.,  attempt  to  follow  only  the  lower  frequen¬ 
cies  in  the  forcing  function.  This  would  keep  Yp(ju)  large,  tending  to  reduce  ihc  value  of  and  hence  the  tem¬ 
nant  and  system  error.  This  tactic,  of  course,  would  only  be  valid  for  the  higher  fCB  tasks  (above  /„  of  0.96  or  so), 
where  noricteady  behavior  may  be  an  important  factor  in  the  remnant. 

With  the  assumption  of  nor.  steady  behavior  giving  the  generally  reasonable  results  above,  re  have 
another  consistent  possibility  for  the  explanation  of  the  remnant  term.  Here  again,  we  must  not  allow  the  results 
presented  to  be  considered  an  answer,  but  merely  as  a  possible  source.  One  would  suspect  that  both  noise  injec¬ 
tion  and  nonsteady  possibilities  are  involved  together  in  the  remnant,  possibly  in  conjunction  with  some  nonlinear 
transfer  behavior.  The  general  reasonableness  of  the  analyses  given  above  do  give  valuable  leads,  and  arc  fairly 
suitable  as  equivalent  models  partially  describing  the  remnant. 

c.  Comparison  of  tho  Simple  Trackor  Data  From  The  Thro*  Sources 

In  general  the  Franklin  and  Russell' simple  trackers  and  the  Elkind  pip-trapper  experiments  yielded 
results  which  were  fairly  similar  and  consistent.  Since  the  forcing  function  spectra  were  different  in  all  three  cases 
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(Vi  nr  (topj  ?srud 


it  is  difficult  to  strive  at  an  exact  comparison.  The  closest  comparable  tuns  were  Elkiod's  R.16  ani  R.64  and  the 
Franklin  simple  tracker  1  and  4  rad/sec  corner  frequency  tuns.  Ijlkind’a  F3,and  18  db/qct  fiiter  htfiaking,at  1,5  .. 
rad/sec  is  fairly  close  to  the  Franklin  2  rud/sec  forcing  function  bandwidth  in  form,  ' 

Unfortunately  we  can  only  compute  describing  function  data,  since  the  Frifi^firTTemnanodata  are'scT"  ~ 
sparse.  For  "the  describing  functions,  and  within  Flkind’s  measurement  bandwidth;' the  R.16  and^RTjMdata^pointS  : 
are  fairly  close  to  those  for  the  two  equivalent  Franklin  cases,  being  almost  within  the  limits  of  the  individual 
runs  for  either  case.  All  of  the  comparable  cases  are  shown  in  Figures  68  through  70,  which  tend  to  show  that  the 
data  are  reasonably  consistent. 


The  lead  term  in  the  Franklin  data  shows  up  beyond  the  bandwidth  of  measurement  of  the  Elkind  data. 
On  the  other  hand  the  Elkind  data  have  measured  values  ack  to  about  0.02-0.03  cps,  while  the  lowest  frequency 
Franklin  data  is  at  0.4  tad/sec.  The  presence  of  a  lead  term  outside  the  bandwidth  of  measurement  for  Flkind’s 
data  is  a  possibility,  and  such  a  trad  would  tend  to  increase  the  low  values  of  r  presently  used  in  the  transfer 
function  curve  fits  for  the  F.ikind  data.  It  should  be  noted  in  this  connection,  however,  that  the  Klkind  F-i  RC 
filtered  spectra  shows  no  evidence  of  a  lead  out  to  a  frequency  of  0.9  cps. 


From  all  of  the  above  comments,  it  appears  reasonable  to  state  that: 

(1)  The  describing  function  data  points  are  roughly  comparahle, 

(2)  The  differences  between  the  Elkind  and  Franklin  describing  function  data, 
if  any,  are  largely  in  the  possibility  of  a  lead  outside  Flkind's  bandwidth  of 
measurement.  While  possible,  this  does  not  appear  likely  because  Flkind's  F-3 


I  ititti 

Figure  63.  Comparison  of  Simple  Tracker  Data  (Franklin  and  Elkind). 
( References  23,  53.) 
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While  it  is  problematical  whether  any  real  differences  exist  in  the  Elkind  and  Franklin  data,  it  should 
again  that  Elkind 's  tracking  control  was  considerably  simpler  than  the  spring  re s t rallied, S^gfc^a.4 by 
,  This  difference  in  controllers  could  conceivably  be  responsible  for  the  minor  data'diffefencesyliurthe 
iverall  picture  is  probably  too  vague  to  be  definitive;  -  -  -  :  ~  :  *—  — ~  — *  — ■- 
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Svetlan  VI 


LINEARIZED  OPERATOR  RESPONSE  TO  RANDOM  APPEARING  VISUAL  FORCING  FUNCTIONS 
IN  COMPENSATORY  TASKS  WITH  CONTROLLED  ELEMENT  DYNAMICS 

A.  INTRODUCTION 

This  section  is  a  companion  and  extension  to  Section  V,  coveting  linearized  operator  behavior  in  situs* 
lions  having  controlled  element  dynamics  other  than  unity.  The  simple  tracker  cases  discussed  in  Section  V  were 
well  covered  experimentally  for  a  wide  variety  of  conditions,  and  it  would  be  very  nice  if  this  section  could  be  com¬ 
posed  of  a  series  of  operator  describing  functions  and  remnants  for  increasingly  complex  situations  in  terms  of  con¬ 
trolled  element  dynamics,  together  with  a  full  coverage  cf  forcing  function  conditions.  Unfortunately  the  experi¬ 
mental  basis  for  such  a  presentation  does  not  yet  exist. 

The  primary  experimental  work  with  controlled  elements  has  been  done  by  Tustin  [85],  Russell  [7U], 
and  the  Franklin  Institute.  Tustin’s  study  was  a  pioneering  effort,  but  was  quite  short  and  limited  in  scope.  While 
three  different  controlled  elements  were  used,  they  had  very  similar  dynamics  in  the  frequency  range  of  interest. 
Typical  information  on  the  remnant  was  presented  in  Ref.  85,  but  the  total  remnant  picture  was  relatively  incomplete. 
Russell's  study  considered  a  logical  progression  of  more  and  more  complex  controlled  element  characteristics,  with 
the  primary  emphasis  of  the  experimental  work  being  placed  upon  the  operator's  describing  function.  Remnant  char¬ 
acteristics,  in  a  spectral  foim.  *c«e  not  thoroughly  explored  but  their  effects  were  revealed  to  some  extent  in  some 
cases  by  total  remnant  power  and  error  power  data.  The  Franklin  Institute  F-BO  simulator  studies  are  documented  in 
terms  of  both  describing  function  and  remnant  characteristics.  Here  the  controlled  element  dynamics  were  those  of 
an  F-flfl  airrraft  in  a  lonsrant  range  tracking  task  — by  fRr  the  most  complex  situation  studied  in  detail  to  date. 

From  this  general  summary  we  can  conclude  that  the  delineation  of  describing  function  characteristics 
as  a  function  of  controlled  element  dynamics  can  be  fairly  well  defined,  bur  that  thorough  remnant  data  exist  only 
for  the  most  simple  controlled  element  situation  (Hlkifid),  and  the  most  complex  (Franklin).  As  previously  noted  in 
Section  V,  the  remnant  becomes  very  important  as  the  control  task  increases  in  difficulty,  so  it  is  unfortunate  that 
remnant  data  are  so  sparse  for  the  succession  of  increasingly  difficult  tasks.* 


*  At  the  lime  of  writing  an  additional  source  of  variable  controlled  element  data  ia  in  the  experimental  stage.  This  project  i» 
being  performed  by  Ian  A.  M.  {fail  at  Princeton  University  as  part  of  the  overall  VSAF"  coordinated  effott.  The  atudy  utilizes  a 
Navion  simulator  with  both  lateral  and  longitudinal  control  to  forcing  functions  haying  spectra  flat  to  a  1  radAec  corner  frequency 
and  an  18  db/oct  high  frequency  asymptote.  The  lateral  controlled  clement  dynamics  are  Used,  being  those  of  a  typical  Navion 
flight  condition.  The  longitudinal  controlled  elements  arc  varied,  with  the  following  forma  presently  being  considered  for 
atuJy: 


Simple  Forma: 

y,  -  K ;  (A  =  5, 10  and  15  deg/deg) 

K  -  J  1  (A  -  I,  5  and  15  deg/deg) 

yc  -  ;  K  =  15 ;  (T  =  1.5,  5  and  10  sec) 

Ye  =  i  *  »  5,  T*  -  5  aec  ;  (T  -  0.6,  2,  5  and  10  see) 


Short  Period  Approximation  Form: 


K(Ts  i  1) 

ft  Yu 


,  ;  A  =  5,  T  =■  0.6 


•te)*£"i 

4ffl 

A  complete  survey  will  be  run  fot  0.2  *  (  *  I  and  0.1  *  ^  *  1  cps. 


It  is  anticipated  that  the  results  of  this  study  wifi  fill  is  many  of  the  presently  existing  gaps  in  controlled  clement  forms  an 
well  as  providing  more  adequate  low  frequency  remnant  data. 
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In  the  discussion  that  follows,  the  Russell  data  will  be  summarized  first,  the  Tustin  experiments  second, 
and  the  Franklin  Institute  F-80  simulator  data  third.  In  all  of  these  cases  the  transfer  characteristics  of  the  operator 
have  been  derived  by  the  authors  and  their  associates  from  the-original  data.  Both  Russell  and  Tustin  fitted  some 
of  their  data  with  transfer  function  forms,  but  based  their  efforts  upon  the  use  of  Nyquist  diagrams  and  other  types 
of  linear  plots.  In  our  curve  fits  the  Code  diagram  form  has  been  used,  sometimes  in  conjunction  with  linem  phase 
vs,  frequency  plots,  as  being  more  rnnsisrrnr  with  simplicity  and  accuracy  in  the  fitting  process.  In  general  the 
Tustin  and  Russell  data  were  fitted  using  criteria  and  methods  outlined  below: 

(1)  The  linearized  operator  response  data,  which  appeared  in  the  original  data  as  vector  diagrams, 
were  first  placed  in  the  form  of  Bode  diagrams. 

(2)  The  data  were  then  carefully  examined  to  determine  the  simplest  describing  function  foini  con¬ 
sistent  with  the  general  trends.  In  almost  ail  cases  this  came  out  to  be  either 


Kc-t‘[Tls  i  1) 

Kc"{aT,s  i  1) 

Tjs  -t  1 

Tjs  i  1 

Ke-'Oi.s  +  1) 

Ke-r,{aT,s  i  1) 

(T,s  i  l)(r»s  i  1) 

(7}s  i  l)(7gs  i  1) 

The  form  shown  in  Fq.(VI-2)  is  generally  preferred,  since  [V(»)|.0  as  which  is  necessary  pliyi- 
cnlly.  In  most  cases,  however,  the  data  available  were  such  that  the  7j*  term  could  not  be  determined, 
and  hence  the  form  shown  in  Kq.(Vl-l)  was  used,  tt'hen  this  is  the  case,  the  rea,  .  -  should  reengnize 
that  higher  frequency  describing  function  factors  are  actually  present,  and  their  low  frequency  effect 
is  lumped  wjih  the  r  ..f  ihc  reaction  time  delay  term, 

(3)  In  the  fitting  of  the  duta,  any  amplitude  information  indicating  a  lead  or  lag  break  point  was  used 
to  define  T,  or  7}  respectively.  For  example,  in  the  Tustin  data,  fitted  initially  with  Kq.(VI-l),  the 
value  of  Tl  was  indicated  by  the  amplitude  ratio. 

(4)  Further  constants  in  the  rational  transfer  function  terms,  c.g.,  7}  in  the  above  example,  were 
adjusted  so  that  the  phase  lag  attributable  to  the  reaction  time  delay,  r  [that  is  the  measured  phase 
minus  the  phase  due  to  the  contribution  of  the  rational  terms,  {TL s  i  l)/(7}s  i  1)1,  would  show  a  linear 
variation  with  frequency. 

(5)  The  initial  value  uf  r,  which  will  include,  of  course,  possible  high  frequency  leads  and  lags  as 
well  as  reaction  time  delay,  was  then  taken  as  the  slope  of  the  best  fit  line  passing  through  the  origin 
of  this  linear  plot  of  phase  versus  frequency. 

(6)  The  total  open  loop  transfer  function,  i.e.,  operatui  plus  controlled  element,  was  then  rhecked  for 
s.  bility.  In  most  cases  with  forcing  functions  containing  low  frequencies,  the  fitted  operator  form  plus 
the  controlled  element  transfei  function  would  predict  an  unstable  closed  loop  system.  Therefore  an  ad¬ 
ditional  lag,  i.e.,  7]y  in  Kq.(VI-2),  was  often  required  as  a  minimum  addition  to  obtain  stability  of  the 
fitted  tiansfer  function  form.  This  additional  log  was  almost  always  beyond  the  bandwidth  of  measure¬ 
ment,  and  the  frequencies  in  the  forcing  function  were  usually  low,  so  the  value  of  7^  was  adjusted  in 
these  cases  to  provide  just  marginal  stability  of  the  overall  closed  loop  system.  This  Utter  procedure, 
while  not  yielding  a  unique  transfer  function  form,  is  consistent  with  that  adopted  previously  in  Section  V. 

(7)  The  final  value  of  reaction  time  delay  t  was  then  found  by  subtracting  7 g  from  the  initial  r  value  de¬ 
termined  in  (5)  above. 

Most  of  the  fundamental  basis  for  the  evolution  of  this  detailed  procedure  was  discussed  in  Section  V. 
The  F-80  Simulator  data,  being  somewhat  more  adequate  in  terms  of  the  number  of  frequency  points  available,  was 
fitted  by  a  more  detailtd  procedure  than  that  above;  this  is  outlined  in  the  subsection  on  those  data.  As  a  final 
point  on  data  fitting,  we  must  emphasize  again  that  the  fitted  forms  are  only  a  convenient  "model",  and  only  rhe 
actual  data  points  have  a  physical  basis. 


WaDC  TR  S6-524 


114 


B.  THE  RUSSELL  DATA 


Tuc  experiment*!  setup  used  by  Russell  has  already  been  discussed  in  Section  V  and  needs  no  further 
comment  except  to  say  that  the  post  and  pre-filters  now  consist  of  various  inserted  transfer  function 'forms,  and  that 
most  of  Russell’s  tests  with  various  controlled  elements  were  short  studies,  using  one  or  two  subjects  and  a  small 
number  of  runs,  some  undocumented.  Therefore,  while  we  shall  devote  some  of  our  attention  in  the  following  to  the 
data,  a  very  important  part  of  the  discussion  is  a  recapitulation  of  Russell’s  comments  and  observations  on  the  in¬ 
dividual  tests. 


1.  Effect  of  Gain  Change*  in  Controlled  Element:  Yc  =  Kc 

The  effect  of  gain  changes  in  the  scope  or  the  control,  either  during  a  run  or  from  run  to  run,  is  almost 
entirely  compensated  for  by  the  operator,  who  tends  to  set  his  gain  in  such  a  way  as  to  hold  the  overall  loop  gain 
at  some  given  value.  Slight  ch'.iges  in  overall  loop  gain  can  be  effected  by  changes  in  the  scope  gnin,  but  nowhere 
near  the  amount  that  would  occur  if  the  operator  held  his  gain  constant.  Besides  this  point,  Russell  also  shows 
that  an  increase  in  loop  gain  can  be  the  result  of  instructions  to  "put  more  into  it"  or  "try  harder".  In  both  cases 
the  describing  function  is,  of  course,  that  of  the  simple  tracker  discussed  in  Section  V. 

2.  Effects  of  Insertion  of  a  Simple  Lap:  V,  =  1/(75  + 1) 

When  simple  lugs  were  plnced  into  the  control  loop  the  operator's  transfer  characteristics  changer!  to  n 
marked  degree.  This  is  exemplified  in  Figures  71,  72,  and  73  where  describing  function  dntn  are  presented  for  be¬ 
fore  and  after  conditions,  i.e.,  7'  0  (no  lag)  for  each  case,  und  then  T  -  1.0,  0.5  and  5.0  seconds  respectively.  In 

all  cases  it  is  noticed  that  the  major  effects  are  the  operator’s  use  of  his  lead  term  in  a  fashion  tending  to  cumpcn  • 
sale  for  (lit  iutioduced  lag,  a  reduction  in  gain,  and  piohably  a  change  in  the  fits',  lag  time  constant.  l  or  an  insetted 
lag  time  consrant  ol  0.5  and  1.0  seconds,  the  operator’s  first  lag  time  tenstan'  appears  to  increase  over  that  with  no 
dynamics;  a  reverse  tendency  is  noted  in  tile  case  where  the  inserted  controlled  element  lag  was  5.0  seconds. 

In  addition  to  the  darn  given  in  these  figures,  Russell  also  notes  the  ioliowing: 

(a)  When  the  lag  time  constant  was  smaller  than  about  0,0S  seconds,  the  inserted  lag  had  no  affect  on 
the  describing  function.  Fn  addition,  the  opernrnr  could  scarcely  notice  the  effect  of  the  inserted  lag  on 
his  stimulus. 

(b)  As  the  controlled  element  time  constant  was  increased  above  0.05,  the  operator  could  detect  a  dis¬ 
tinct  sluggishness  in  the  system.  This  became  more  and  more  prominent  until  values  of  controlled 
element  lag  time  constant,  T,  of  2  seconds  or  larger  were  used,  when  the  controlled  element  appeared 
to  the  operator  to  take  on  the  characteristics  of  a  pure  inregtator. 

(c)  When  the  lag  was  initially  inserted  into  the  loop  (usually  in  the  postfilter  position),  the  operator 
tended  to  overshoot  somewhat,  occasionally  to  the  point  of  system  instability,  until  he  had  acquired 
some  practice.  After  practice  for  a  minute  or  so,  he  adapted  his  characteristics  to  suitable  values  foe 
stability. 

(d)  The  reduction  in  loop  gain  when  the  lag  was  inserted  was  larger  than  required  to  maintain  stability. 

(a)  The  mean  square  noise  power  and  the  noise  component  of  the  error  were  about  twenty  percent  higher 
with  the  controlled  element  lag  than  without  it. 


3.  Effect  of  Insertion  of  Pure  Integration:  K  -  1/s 

With  a  controlled  element  consisting  of  a  simple  pure  integrator  the  operator  lowered  his  gain  and  in¬ 
troduced  a  considerable  amount  of  lead,  as  shown  in  Fig.  74.  In  one  case  this  was  as  much  as  Tt  -  5  seconds. 
Ihrsc  changes  allowed  the  overall  system  to  be  stable,  but  were  also  in  the  direction  to  increase  the  mean  square 
tracking  error  over  that  with  no  controlled  element  dynamics.  The  low  frequency  response,  however,  is  improved 
because  of  the  higher  overall  system  amplitude  ratio  at  low  frequencies  due  to  the  Yr  =  1/s  term. 
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a.  Russell  Experimental  Characteristics 
Before  Inserting  Controlled  Element. 


o  Russell  Data 

Ve»  1 

’Best  Fit’  Operator  Transfer  Function: 

V  C  12.5c-m*(s/17.5  +  1) 

12  A/Ve42tl 


b.  Russell  Experimental  Characteristics 
After  Inserting  Controlled  Element. 


o  Russell  Data,  Vcy,, 
n  Controlled  Element  Removed 

v 

*  r  i 

>1-1 

"Best  Fit*  Operator  Transfer  Function: 

y  £  17.7e~°'"*(s/0.6S  1 1) 

E~  "s/0.1  4  i 


lit  (lad/imc) 


Figure 

( Reference  70, 
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a.  Russell  Experiment*!  Characteristics 
Before  Inserting  Controlled  Element. 
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( Reference  70,  Figure  32.) 
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a.  Kudsell  Experimental  Characteristics 
Before  Inserting  Controlled  EIement.  . 
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Figure  74. 

(Reference  70,  Figure  14.) 
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4.  Effect  of  Insertion  of  f.sod  —  Pure  lag:  Vc  =  (Ts  +  l)/s 

A  brief  examination  of  the  effects  of  a  controlled  element  with  lead-pure  lag  form,  with  T  =  0.5  and  1.0 
seconds,  gave  the  results  shown  in  Figure  75.  It  will  be  noted  that  the  operator  still  introduced  some  lead  for  these 
values.  Russell  also  observed  that:  .  . . ... 

(a)  When  T*  2.5  seconds,  the  operator  does  not  appear  to  change  his  describing 
function  appreciably  from  that  with  no  controlled  element  dynamics. 

(b)  When  Vi  2.5  seconds,  rhe  operator  develops  lead  over  and  above  that  used 
in  normal  control  with  no  controlled  element  dynamics. 

(i)  The  location  of  the  dynamics  malting  up  K  in  post  o.  pre-filter  position  made 
no  essential  difference  on  the  overall  operation  of  the  loop, 

(d)  The  output  noise  power  was  generally  higher  than  the  case  with  Ve  -  1. 

5.  Effect  of  insertion  of  Lag-Lead:  Yc  -  fa(Ts  f  I)l/(a7's  +  1) 

Russell  studied  the  effects  of  a  lag-lead  control  for  a  =  10  and  T  equal  to  0.165,  0.5  and  2.0  seconds. 
The  operator  transfer  functions  for  the  last  two  of  these  conditions  are  shown  in  Figure  76.  Russell  also  tabulated 
the  mean  square  tracking  error,  with  the  dynamics  of  y,  in  the  pre-filter  position,  for  the  two  larger  time  constants. 


l 

Mem  Stfuare  Error 

Error  Due  to  Remount 

(in2) 

(«) 

0 

0.045 

32 

0.5 

0.34 

56 

2.0 

0.041 

24 

In  another  te?t,  the  T  -*0,165  seconds  value  was  used,  with  the  results  shown  below. 


Total  Error  Power 

Error  Due  to  Remnant 

/:~2\ 

for\ 

\.-v/ 

0 

0.195 

22 

0.165 

0.190 

38.5 

These  data  indicate  that  the  noise  power  in  the  error  signal  decreases  as  the  time  constant,  T ,  is  increased  to  the 
order  of  2.0  seconds  or  so,  where  the  system,  in  terms  of  mean  square  fracking  error,  is  just  as  good  or  better  than 
a  simple  tracker. 

6,  Effect  of  l/(Ts+l)  In  Postfiiter  and  (Ts+D/fTs+lO)  in  Praflltai  Positions 

from  the  results  of  item  6,  Russell  found  an  effective  way  to  remove  some  of  the  remnant  without  in¬ 
troducing  adverse  affects.  A  filter  haring  a  uamfer  function  l/(Ts  +  l)was  inserted  in  the  postfilter  location  to 
smooth  the  higher  frequency  remnant  power  (which  in  Russell’s  case  appeared  to  have  a  peak  near  a;  =  8  rad/sec), 
and  then  a  lead-lag  (Ts+l)/(Ts*  10)  in  the  prefilter  position  to  cancel  Out  the  lag  introduced.  Setting  T  at  0.5 
seconds  results  in  an  effective  controlled  element  transfer  function  of  Yc  =  1/(0. 05 s-t-l),  which  was  noted  in  item  2 
above  to  have  negligible  effect,  i.e.,  the  operator  responded  in  the  same  fashion  as  that  for  a  simple  tracker.  With 
the  equalization  inserted  two  tests  were  made  with  the  following  results: 
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b.  Russell  Experimental  Chaiacteristics 
After  Inserting  Controlled  Element. 

o  Russell  Data,  YCYP 
U  Controlled  Element  Removed 


'Best  Fit'  Operator  Transfer  Function: 
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c.  Russell  Experimental  Characteristics 
After  Insetting  Controlled  Element. 

o  Russel  Data,  YeYp 
Q  Controlled  Element  Removed 

y  s/2r 1 


"Best  Fit'  Operator  Transfer  Function. 
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Figure  75. 

(Reference  70,  Figure  35.) 
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b.  Russell  Experiniciuai  Characteristics 
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c.  Russell  Experimental  Characteristics 
After  Inserting  Controlled  Element. 

o  Russell  Data,  YcYp 
n  Controlled  Element  Removed 

y  10g_»  10} 

lOrs  +  1  |r  =  2,o 

'Best  Fit*  Operator  Transfer  Function: 
.,  C  *Ch|l>«-°-l*W0.»tl) 
p  =  E  ~  U/m^+lXs/0.45  f  1) 


WADC  TR  56-524 


122 


TEST 

1 

TEST 

ll 

Remnant 

Power 

(in2) 

Total 

Rtror 

Poiiiit 

(in2) 

Remnant 

Power 

(in2) 

Total 

Error 

(in2) 

No  Equalization  (Yc  1) . 

0.013 

0. 043 

0.029 

0.042 

With  Equalization . 

0.0019 

0.025 

0.004 

0.017 

it  is  noted  that  a  general  improvement,  of  the  order  of  a  factor  of  two.  in  mean  square  error  is  obtained  with  this 
scheme. 


7.  Effect  of  a  Quadratic  Controlled  Element:  V,.  fv’c/Ks/to,,)2  '  (2 £,s)/uiu  i  ll 

With  a  quadratic  controlled  element  transfer  characteristic,  the  operator  describing  functions  obtained 
arc  shown  in  Figures  77.  It  will  be  noted  from  these  figures  that  the  insertion  of  the  rather  difficult  controlled  el¬ 
ement  dynamics  with  <n„  7.8  rad/sec  in  the  postfilter  position  resulted  in  a  general  deterioration  of  system  per¬ 

formance.  This  is  due  largely  to  the  reduction  in  the  operator's  gain.  With r,j„  increased  an  octave,  to  16  rad/scc, 
the  operator's  characteristics  returned  to  essentially  those  o*  a  simple  tracker.  For  another  run  with  r-„  -  7.8 
rad/scc.  the  error  components  were  as  shown  below: 

The  ttl’l’ltniiliialc  aVetagC  lineal  Correlation  Utti.cd  from 
signal  to  noise  considerations  was  about  0./6  in  this  particular  case, 
or  the  lowest  achieved  on  any  of  the  Russell  data. 

C.  THE  TU5TIN  DATA 

In  Austin’s  experiments  [85 1,  the  general  situation  was 
set  up  to  simulate  a  tank  turret  fire  control  problem.  The  operator  and 
a  sight  were  mounted  on  a  motor  driven  turntable  controlled  by  a  twist- 
itbic,  spi iiig-ceulctcd,  spade  grip  handle.  The  target  moved  hack  and 
forth  in  different  combinntionr.  of  three  simple  harmonic  components 
sufficiently  mixed  to  eliminate  any  sense  of  regularity.  Equivalent 
transfer  function  data  were  obtained  front  the  harmonic  components  of 
the  traces  that  were  of  the  same  frequencies  us  those  con'ained  in  the 
target  displacement.  These  data  were  then  presented  in  the  form  of 
vector  diagrams  of  the  ratio  of  handle  speed/error. 

Three  basic  variation?  in  the  controlled  clement  (turntable) 
dynamics  were  investigated  with  a  variety  of  operators  and  target  inputs. 
The  linearized  transfer  characteristics  for  each  cf  these  controlled  elements  are  presented  as  solid  lines  in  ;he 
Rode  plots  of  Figure  78.  The  plotted  data  points  shown  correspond  to  those  measured  from  the  vector  diagrams  ap¬ 
pearing  in  the  original  paper.  The  operator  response  data  were  reduced  in  terms  of  target  inputs  having  harmonic 
components  with  a  spread  from  0.113  to  1.3  rad/sec;  hence  it  is  obvious  from  Figure  78  that,  for  this  range  of  fre¬ 
quencies  ,  there  is  very  little  difference  in  controlled  element  dynamics  between  the  displacement  speed  control  and 
the  ' 'second-different i a!"  control.  This  similatity  was  apparent  duting  the-  Course  of  the  tests  and  very  few  data 
points  were  obtained  for  the  latter  type  of  control,  which  has  therefore  been  deleted  from  funher  consideration.  The 
static  characteristics  of  the  control  are  shown  in  Figure  79. 

The  linearized  operate, i  response  data  which,  as  mentioned,  appeared  in  the  original  data  as  vector  dia¬ 
grams,  have  been  assembled  in  Figures  80  and  81  in  the  form  of  Bode  plots.  It  will  be  noted  that,  for  the  first  and 
only  time  in  this  report,  we  have  combined  the  data  points  for  two  different  forcing  function  ’bandwidths”  on  one 
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Figitrc  78.  Tustio  Experiments,  Controlled  Element  Dynamics. 


Figure  79*  Handle  Force •Displacement  Characteristics  for  Tustin  Data. 
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Figure  B4.  lustin  Hesrdual  Dam, 

two  lo*  frequency  phase  points  from  the  general  phase  trend  of  Figure  81.  These  two  points  are  the  lowest  fre¬ 
quency,  largest  forcing  function  amplitude  data  for  two  separate  runs.  In  these  cases  it  is  quite  probable  that  the 
operator  was  acting  in  either  a  pursuit  nr  even  a  synchronous  mode  for  the  lowest  frequency. 

Tustin  made  a  harmonic  analysis  of  all  the  frequencies  appearing  in  the  pilot's  output,  associating 
those  terms  containing  input  frequencies  with  the  complex  input  to  detive  the  transfer  function  data  which  was  pre¬ 
sented  above,  The  result  of  the  harmonic  analysis  of  the  residual  signal  or  remnant  is  shown  in  Figure  8V. 

The  original  paper  did  not  present  data  on  linear  correlations,  but  an  estimated  value  of  about  0.94  for 
p  is  possible  on  the  basis  of  a  "typical”  tracking  record  shown  therein. 


b.  THE  FRANKLIN  INSTITUTE  F-80A  SIMULATOR  DATA 
1.  The  F-80A  Simulator 

The  general  experimental  set-up  used  in  the  F-80A  simulator  tests  was  similar  to  that  discussed  in 
the  simple  tracker  description  of  Section  V.  The  essential  difference  is  that  now  the  controlled  element  .lynamics 
were  those  of  an  F-89A  aircraft  engaged  in  a  tail  chase.  In  addition,  the  display  was  elaborated  by  an  artificial 
horizon  consisting  of  a  line  which  was  rotated  and  displaced  vertically  in  the  same  fashion  as  the  true  horizon 
would  be  were  ir  viewed  through  the  wind  screen  under  contact  flying  conditions.  Ir.  order  so  minimize  orientation 
difficulties  on  the  part  of  the  subjects,  a  pair  of  wings  was  drawn  on  the  stationary  cross-hairs  so  as  to  clearly 
associate  the  cross-hairs  with  the  subject’s  aircraft,  and  the  pip  with  the  target  aircraft.  See  Figure  83  for  an 
abstracted  sketch  of  the  display.  Figure  47  is  an  actual  view  of  the  interior  of  the  cockpit,  and  Figure  48  is  an 
overall  view  of  the  simulator  and  the  associated  computing  equipment.  It  should  be  noted  that  the  actual  cockpit, 
which  was  modified  for  the  purposes  of  this  experiment,  was  obtained  from  an  F-51.  The  cockpit  instruments,  none 
of  which  were  functioning  and  whose  sole  purpose  was  to  provide  a  certain  amount  of  face  validity,  were  obtained 
from  an  F-80A  aircraft.  The  stick  was  loaded  so  as  to  simulate,  without  nonlinearities,  the  forces  a  pilot  would 
encounter  at  Mach  0.7  at  an  altitude  of  20,000  feet.  Although  rudder  pedals  were  present  in  the  simulator,  they 
were  impotent  in  controlling  the  F-80A  aircraft  simulator.  As  was  indicated  in  an  earlier  experiment  [52],  jet 
pilots  used  only  stick  conttol  at  the  simulated  speed  and  altitude.  It  was  therefore  decided  to  describe  the  pilot’s 
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Figure  63.  The  F-80A  Simulator  Display. 


behavior  in  terms  of  stick  enntr.il  only,  i.e.,  aileron  control  governing  the  lateral  response  and  elevator  control 
governing  longitudinal  responses. 

The  controlled  element  dynamics  included  both  the  aircraft  equations  of  motion,  in  five  degtees  of 
freedom,  forward  speed  assumed  constant,  and  the  geometrical  iclationsliips  between  the  target  and  the  tracking 
aircraft.  The  target  angles  were  given  by: 


Vt  .  UtP 

r,  r  t>'f  x^+ 

V[  tie" 

Tf  <?  +  Pr4+  v  ~  v 

T  aT 


where 


(  )A  ~  azimuth,  Of  elevation 

vA  -  -  <V  + 

Vf  -  U0q~pv, i 
r  -  target  angle 

XT  —  distance  from  target  =  3000  ft  constant 
p,q,r  =  angular  velocities  in  roll,  pitch,  yaw 
a,  p  -  angles  of  attack  and  sideslip 

V  =  velocity  of  target  in  plane  perpendicular  to  *  axis  of  interceptor 
8„,  -  aileron  and  elevator  deflections 


(VI-3) 

(VI-4) 


Since  the  lateral-longitudinal  cross  coupling  terms  are  fairly  small  for  the  case  of  interest,  it  can  be  assumed  that 
the  pertinent  error  angle  observed  by  the  pilot  would  be  given  by  the  above  expressions  with  p  =  0  for  the  elevation 
error  and  rF  -  Ve  -  0  for  the  azimuth  error.  Accordingly  the  equations  simplify  to: 
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(VI-5) 


f,  —  r  +  ^((i  +  £) 

tg  =  4  +  rr(O-a) 
Ar 

and  the  transfer  functions  of  iiitciest  become 


(VI-6) 
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Is  °t  se  Ji 

The  various  longitudinal  and  lateral  airframe  transfer  functions  making  up  the  above  expressions  were  evaluated 
for  the  following  airplane  parameters  as  set  in  the  simulator: 


b  = 

-22.4 

Ma  - 

-12.7 

Np  =  14.8 

«/60  = 

0.044 

b  - 

-5.62 

Mi 

-.908 

M,  =  -  .026 

V, 

-.189 

b  = 

+  .525 

Ms  „ 

-1.66 

Nr  =  -.493 

7;  = 

-1.87 

li 

-J 

-49.1 

ii 

5 

-31.1 

-318 

Collecting  the  numerator  terms  and  factoring  both  numerator  and  denominator,  the  final  controlled  clement 
functions  may  be  expressed  as: 

.:?”!*  *  'llmi ;  'Mi  * ') 


'(*) 


T*U)  = 


1 0.0017  *j[5.65  3.88  'J 


•fe) 


S  ,  2(0-56)5  ^  J 


3.98 


l 


(VI-9) 


(VI-10) 


Bode  plots  of  the  above  functions  are  shown  in  Figures  84  and  85. 

A  forcing  function  was  generated  independently  in  azimuth  and  elevation  by  passing  white  noise 
through  a  third  order  KC  filter  with  a  single  corner  frequency,  three  forcing  function  bandwidths  were  used,  with 
corner  frequencies  of  I,  2,  and  4  radians/second.  The  rms  value  of  the  forcing  function  was  continuously  adjust¬ 
able,  although  the  primary  values  used  were  nominally  0.3,  0.8  and  1,1  rms  inches  at  the  display  for  azimuth  con¬ 
trol,  and  0.2,  0.5,  and  0.8  for  elevation  control.  The  basic  reason  for  using  a  random  input  for  the  forcing  function 
to  the  pilot-airframe  system  has  been  discussed  in  Section  III.  The  choice  of  the  particular  rms  amplitudes  and 
bandwidths  was  governed  hy  the  desire  to  present  a  signal  that  was  within  the  limits  of  the  pilot’s  ability  to  track 
as  well  as  realistic.  These  target  disturbances  simulated  atmospheric  turbulence  of  various  degrees  of  severity. 
The  Air  Force  pilots  who  served  as  subjects  generally  felt  that  the  1  and  2  radians/second  bandwidths  provided 
turbulence  conditions  that  they  bad  commonly  experienced,  whereas  the  4  radians/second  input  represented  un¬ 
usual  conditions.  An  unsolicited  comment  from  one  of  the  pilots  about  the  4  radians/ second  input  was,  "I  wouldn’t 
fire  in  air  that  turbulentl"  Dufing  the  pretrial  briefing  the  subjects  were  told  that  they  were  flying  a  simulated 
firing  run  tail  chase  at  a  target  distance  of  1000  yards.  This  task  orientation  was  readily  accepted  by  the  pilots 
despite  the  unusually  long  run  length  (two  minutes)  and  the  difficult  tracking  conditions  which  prevailed. 

It  is  of  interest  to  examine  a  pilot’s  comments  and  reactions  during  his  pre-test  familiarization  runs. 
From  these  data  it  is  possible  to  get  insights  as  to  the  development  of  au  acceptance  of  the  simulator  by  the  pilot. 
The  first  6  comments  in  what  follows  were  selected  from  a  series  of  remarks  made  during  the  first  hour,  by  a  pilot 
with  considerable  experience  in  crystallizing  his  opinions  on  aircraft  control  systems.  The  same  pilot  made  the 
subsequent  comments  during  the  course  of  a  two  day  experimental  session. 
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1.  "In  an  aircraft,  control  is  more  positive.  Here  1  find  myself  constantly  jiggling  the  stit.lt.  An  actu¬ 
al  aircraft  would  have  more  slop  a:  the  zero  point,  however,  I  think  it’s  a  good  idea  for  a  simulator  to  have 
tight  control." 


2.  "Longitudinal  control  seems  slightly  unstable -  in  other  words  the  response  of  the  simulator  to  con¬ 
trol  motion  seems  to  produce  an  overshoot.  This  effect  may  be  present  in  lateral  control  as  well.” 


<u  (rad/ *ae) 

0.1  1.0  10  50 


Figure  85.  Franklin  F-80A  Simulator 
Krspon.se  in  elevation. 


3.  "The  response  time  for  longitudinal  and 
lateral  control  appears  to  be  about  equal.  I 
expected  the  lateral  control  to  be  faster. 
Simulators  never  seem  to  have  rhe  dynamics 
of  aircraft  in  flight;  they  always  miss  some 
aspect  of  the  ’fcet’." 

4.  "My  flying  technique  consisting  of  smooth 
easy  corrections  which  !  use  in  an  actual 
F-80A  is  inappropriate  here.  I  am  forced  to 
use  jerky  corrective  motions." 

5.  "I  believe  that  four  radians  is  unreason¬ 
able  as  an  input  for  this  control  system.  It 
may  be  possible  in  elevator,  but  just  barely 

__  ft 

SO. 

6.  "This  control  system  seems  to  cause 
pilot  to  overcontrol. " 

Following  the  pre-trial  period,  the  pilot  th™ 
proceeded  to  track  twenty  runs  which  were  record¬ 
ed,  In  these  runs  forcing  functions  of  1  and  2 
radians/second  bandwidths  and  0.3  and  0,8  inches 
rms  in  lateral  control  and  0.2  and  0.5  inches  rms 
in  longitudinal  control  were  used.  During  these 
tuns  Ins  iviiimcitiuig  continued. 
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7.  "Run  No.  4  started  out  well.  I'd  rate  the  tuns  as  1,4,2,  3.  1  seem  to  pace  myself  against  time.  1 
think  that  the  first  minute  is  always  the  best.  I'm  convinced  chat  the  'smooth'  ramie  is  superior  to  the 
'frantic'  mode;  i.e.,  fly  the  simulator  like  nn  airplane,  graceful  and  easy, 

NOTH:  The  pilot  hnd  introspected  aloud  un  the  best  control  philosophy  to  use  in  the  simulator.  One  style  of  con¬ 
trol,  the  so-called  "frantic”  mode  was  characterized  by  abrupt  sudden  corrections  in  an  attempt  to  maximize  zero 
cros-dngs.  The  alternative  style  of  control  the  so-called  "smooth"  mode  required  the  pilot  to  execute  his  control 
responses  slowly  and  gracefully.  l-rom  the  viewpoint  of  the  observer,  the  "frantic”  mode  appeared  like  an  inter¬ 
mittent  relay  type  control;  whereas  the  "smooth”  mode  was  much  like  smooth  linear  control. 

3.  "The  'frantic'  mode  isn't  any  good.  I  work  harder  but  get  no  rrsuits.  I'm  always  bracketing  the 
target.  More  zero  crossings,  but  nor  useful  for  gunnery.  Unlike  the  'smooth'  mode  where  my  error  in¬ 
creases  with  time,  1  believe  that  my  error  is  relatively  constant  in  the  'frantic'  inode.” 

9,  At  run  No.  lrt  the  subject  said  the  following:  "This  simulator  has  good  'posirive'  control  in  ele¬ 
vator.  The  aileron  feel  is  more  spongy  than  it  should  be;  it  should  be  more  mechanical.  There  is  too 
much  overshoot.  (Generally,  however,  the  control  system  is  nor  bad  nt  all.  ’llevatur  control  is  excellent.” 

10,  Toward  the  end  of  the  first  day's  tests,  the  subject  experienced  several  test  runs  of  ten  minutes 
duration.  The  following  comments  arose  after  these  runs. 

"Momentarily  1  got  vertigo.  I  think  that  my  performance  deteriorated  in  time,  hut  not  ns  badly 
ns  it  might  have.” 

After  the  last  rut.  of  the  day  he  said  "I  actually  thought  that  the  fuselage  moved.  1  find  myself 
preferring  the  four  radians/second  input  at  the  lower  rms  amplitude.  Since  I  no  longer  make  reversals, 

!  find  the  quick  responses  required  by  the  fast  noise  to  lie  desirable.” 

O.t  the  ...  ccd  .lay  I.f  ihc  tests,  tins  subject  made  the  following  remarks: 

11,  "The  four  radians/sccond  input  is  not  unreasonable.  In  fact,  I’m  still  flying  in  the  'smooth'  mode. 

1  like  the  fast  recovery  rate,  and  I’m  positive  of  my  control.” 

12,  "There  is  still  lag  in  the  pip  presentation  laterally.  1  think  it’s  due  to  rolling  to  change  heading. 

I'd  like  to  see  faster  response.  Longitudinally  the  control  is  good.” 

13,  "ft's  a  good,  representative  aircraft  system.” 

Although  all  of  the  foregoing  remarks  were  generated  by  one  pilot,  they  are  representative  of  both 
solicited  and  unsolicited  comments  made  by  the  other  subjects  daring  both  their  familiarization  and  rest  runs.  The 
major  conclusion  which  one  can  draw  from  the  series  of  remarks  is  that  after  an  initial  period  of  warily  testing  the 
simulator,  the  pilot  accents  the  simulation  as  an  adequate  ground  representation  of  the  aitcraft. 

2.  Experimental  Procedure 

The  experimental  procedures  used  in  obtaining  the  data  which  are  presented  in  this  section  were  es¬ 
sentially  the  same  as  those  reported  in  a  previous  report  [53].  A  brief  recapitaiation  of  the  general  approach  and 
experimental  design  will  be  presented  here  tor  convenience. 

Ihc  major  problems  which  the  experimental  program  sought  to  answer  were:  the  extent  to  which  the 
subject  behaved  in  a  linear  fashion,  the  manner  in  which  his  response  was  frequency  dependent,  the  extent  m  which 
his  describing  function  was  time  dependent,*  and  the  variability  in  describing  functions  among  subjects.  All  ex- 
tiemelv  lmnortant  auestion  which  the  experiments  left  untouched  was  the  effect  of  changes  in  the  controlled  (dement 
dynamics.  The  data  reduction  was  so  laborious  that  rather  early  in  the  program  the  decision  was  made  to  concen¬ 
trate  on  a  human  response  study  for  which  only  one  aircraft’s  dynamics  would  be  simulated  rather  than  to  risk  di¬ 
luting  the  effort  by  considering  aircraft  dynamics  as  still  another  experimental  variable.  Despite  this  effort  tn 


*  For  loag  time  intervals,  of  the  order  of  minutes,  only,  Peteciioo  of  short  time  variations  (of  the  order  of  seconds)  is  not  prac¬ 
tical  by  the  techniques  used  here. 
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concentrate  on  pilot  centered  variables,  the  experimental  program's  reach  exceeded  its  grasp.  Theiccuracyand 
resolution. of  the  analytical  tools  wctc  jiot  adequate  for  discriminating  many  of  the  variables  which  were  considered 
to  be  important  in  the  experimental  design,  -  -  ....  :  ;  \  ...  ~r' 

Each  of  the  six  subjects,  five  highly  trained  jet  pilots  furnishedJtyrtheUSAf-fora-.petiod^ftf.iwojays,.. 
and  one  highly  trained. civilian  jet  pilot,  participated  in  prepa-atoryand, recorded  trials  under  the  T«mow  iiig  -vipc. i- 
mental  conditions.  After  being  briefed  on  the  purposes  of  the  experiment, ‘the'subjecr"f)ew,-tKe-rsimulitbr:wr!tfiT5o_ 
forcing  function  input  for  a  period  of  about  ten  minutes.  The. purpose  of.  this  was  to  familiarize  the  subjects  with 
the  feel  of  the  controls.  A  second  phase  in  the  pre-trial  familiarization  consisted  of  a  total  period  varying  from 
half  an  hour  to  an  hour  of  simulator  time  during  which  the  subject  practiced  tracking  the  various  stimuli  which  would 
later  be  presented  to  him.  The  predominant  stimulus  in  this  familiarization  period  was  of  2  radians /second  bandwidth 
and  0.3  rms  inches  in  amplitude  for  azimuth  control  and  0.2  rms  inches  for  elevation  control.  These  inputs  were  pro¬ 
duced  by  passing  broadband  noise  through  n  low  pass  filter  whose  comer  frequency  was  2  tadians/second  and  which 
attenuated  at  18db/octave  thereafter.  The  subject's  practice  runs  were  approximately  two  minutes  in  duration  and 
separaced  by  intervals  ranging  from  two  to  ten  minutes.  Since  in  general,  the  pilots  ntrived  in  groups  of  two,  they 
alternated  with  one  another  in  these  practice  runs. 


It  is  rather  difficult  to  assess  the  amount  of  familiarization  necessary  to  produce  stable  and  represen¬ 
tative  response  behavior  on  the  part  of  pilots  in  the  simulator.  If  the  data  are  tn  he  meaningfully  rclat-d  to  the  air¬ 
borne  problem  our  subjects  must  be  responding  in  the  ground  simulator  with  habit  patterns  which  are  like  the  habit 
patterns  employed  in  the  air.  It  is  possible  that  a  protracted  familiarization  period  in  the  ground  simulator  might 
result  in  lessening  the  effective  transfer  to  our  test  situations  of  these  airborne  habit  patterns  in  which  we  are 
basically  interested,  and  the  corresponding  strengthening  of  response  patterns  generated  in,  and  peculiar  to,  ground 
simulation.  These  response  patterns  which  might  develop  from  experience  in  the  ground  simulator  would  tend  to 
make  the  subject  "piny  a  game’’  rather  than  fly  an  aircraft.  The  idea!  sinmtion  would  be  for  a  pilot  to  be  convinced 
rather  rapidly  that  the  ground  simulator  providoH  an  adequate  representation  of  flight  conditions,  and  then  to  trnnsirr 
his  airborne  response  patterns  io  the  ground  environment  without  attempting  to  analyze  the  ground  system  too  criti¬ 
cally.  This  thinking  dictated  the  type  of  familiarization  procedures  used.  Since  the  pilots  were  presumed  to  be  at 
a  stable  plateau  of  flying  performance,  our  problem  was  essentially  to  arrange  matters  so  that  our  measuring  device, 
the  ground  simulator,  was  actually  sampling  their  flying  performance  at  this  presumed  plateau. 

Following  the  familiarization  period,  ench  group  of  two  pilots  (pilot  A  and  pilot  B)  tracked  the  follow¬ 
ing  prograr,.  for  ten  two-minutc  trials  each. 


Pilot 

Bandwidth 

(rad/sec) 

Amplitod* 

Azimuth 

ms  inches 
Elevation 

A 

1 

0  ° 

B 

2 

0.3 

0.2 

A 

1 

0.8 

0.5 

B 

2 

0.8 

0.5 

The  pattern  illustrated  was  repeated  five  times.  The  separation  between  trials  was  about  2.5  minutes. 
After  a  rest  period  of  half  an  hour  to  an  hour  a  second  similar  series  of  ten  runs  per  pilot  was  recorded.  This 
second  series  differed  from  the  first  only  in  that  pilot  A  now  experienced  the  2  radian/second  input  and  pilot  B  the 
1  radian/second  input.  The  purpose  of  these  trials  was  to  see  what  effects  in  the  measured  describing  functions 
could  be  attributed  to  an  increase  in  experience  during  the  time  intervals  studied.  The  remainder  of  the  several 
bandwidths  and  rms  amplitude  levels  used,  and  to  studies  of  tracking  continuously  for  ten  minute  intervals.  As  will 
be  seen  when  the  data  arc  examined,  much  of  the  fine  detail  which  the  experimental  design  was  intended  to  reveal 
was  obliterated  due  to  the  statistical  spread  of  the  data.  Consequently  there  is  little  point  in  dwelling  further  on 
the  experimental  design  at  this  point. 
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3.  Th*  Accuracy  of  Spectral  Estimates 

The  manner  in  which  the  data  were  analyzed,  the  statistical  significance  of  these  data,  acid  "the  experi¬ 
mental  design  are  all  intimately  related.  In  fact,  certain  of  the  qucstions-wh  ichthe-ekperimental-progtam  attempted 
to  answer  were  directed  toward  validating  some  of  the  assumptions,  nfiaur  analytical:  techniques.:  m-.'j. .  •  • 

Since  the  data  from  the  F-80A  simulator  experiments  in  this  section  are  being  presented  for  the  first 
time,  it  may  be  helpful  to  discuss  the  statistics  and  the  analysis  procedures.  This  discussion,  derived  from  Tukey 
[8,  80, 81],  applies  equally  well  when  evaluating  data  from  the  other  experimenters  referenced  in  this  report  who 
have  used  the  spectral  analysis  of  time  series  as  their  basic  measurement  technique.  The  following  material. is 
an  effort  to  provide  an  intuitively  satisfying  summary  of  material  which  the  interested  reader  is  urged  to  pursue  in 
the  primary  sources  [4,8,37,38,65,75,80,811.  In  their  text  [38]  Grenander  and  Rosenblatt  present  the  most  refined 
readily  available  treatment  of  the  statistical  estimation  problems  arising  in  measuring  the  spectra  of  time  series, 
whereas  in  their  referenced  paper  [37]  they  present  a  heuristic  derivation  of  their  main  sampling  theorem  together 
with  an  expository  problem  and  limiting  distribution  functions  relevant  to  their  theory.  The  estimates  Cre;. under 
and  Rosenblatt  developed  are  stated  in  terms  of  the  spectral  distribution  function,  which  is,  the  integral  of  the 
power  spectral  density  function.  They  also  present  the  variances  and  biases  associated  with  spectral  density  es¬ 
timates  derived  from  different  smoothing  techniques,  and  I  rave  the  selection  of  the  smoothing  technique  to  be  de¬ 
termined  by  the  reader  for  his  particular  problem. 

As  has  been  stated  in  Section  III  ot  this  report  spectral  densities  and  cross-spectrai  densities  can  be 
defined  in  the  following  form: 

*uU>  -  /•*{.[ !*(/*>)  J(/«i>l  -  IK, •*)!«, 

<t>„(m)  -  jiZ  |  [/‘(/to)  R(/o,)l  (VI-1 1) 


The  fact  that  the  definition  of  these  spectra  depends  on  a  limiting  process  implies  that  all  realizable 
measurements  arc  approximations  so  a  lesser  or  greater  extent.  This  necessary  truncation  of  the  time  series  record 
is  the  source  of  the  sampling  errors,  -VI1 ,  associated  with  spectral  measurements.  For  the  case  of  a  Gaussian  in¬ 
put  spectrum  which  is  essentially  constant  over  the  interval  of  estimation  one  can  determine  the  standard  deviation 
of  the  spectral  estimate  over  the  interval  OJj- w,  as; 


<A«1>> 
l  2ir 


(VI-12) 


where  A4>  can  be  estimated  by  A1!1  =  In  the  above,  T  is  the  length  of  the  record  and  (oj2 - oj,)  measures 

the  resolution  of  the  filtet  with  which  the  spectrum  is  scanned. 

One  can  see,  therefore,  that  for  a  given  length  of  record,  the  resolution  and  the  accuracy  of  the  spectral 
estimates  are  mutually  exclusive  desiderata.  This  reciprocal  relationship  provides  a  challenge  to  the  experimenter 
to  make  a  reasonable  advance  judgment  which  will  provide  the  best  compromise  between  record  length  and  resolution. 
The  design  of  the  filter  whose  width  is  approximated  by  (cuj-tu,)  poses  certain  problems  whether  the  filter  be  numeri¬ 
cal,  as  in  digital  procedures,  or  an  electrical  device  as  in  analog  techniques.  luc-aily,  we  would  like  to  have  a  filter 
whose  scanning  window  in  the  frequency  domain  is  rectangular  in  shape,  but  this  is  impossible  to  achieve.  The  ef¬ 
fect  of  measuring  the  spectrum  in  frequency  bands  definen  by  the  resolution  of  the  scanning  filter  is  equivalent  to 
considering  the  measured  spectrum,  d’„(w) ,  to  be  the  result  of  convolving  the  true  spectrum,  <i>,(cv),  with  a  band  pass 
filter  of  transfer  functioa  V', ( cj) . 

*.(<u)  =  x“<M<b)rfU-wl)rf<u,  (Vi-13) 

Since  Yf{<u)  passes  a  small  amount  of  energy  at  all  frequencies,  we  have  a  distortion  of  the  true  spectrum 
due  to  a  diffusion  of  power  (tom  more  or  less  distant  frequencies.  Minimizing  the  effects  of  wide  filter  skirts  is  often 
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a  cut  and  try  procedure  in  an  effort  to  approximate  the  ideal  rectangular  shape  for  the  filter's  window.  These  pro* 
cedures  are  all  hased  in  practice  on  assumptions  of  smoothness  and  Gaussian  amplitude  distributions  'for  the  r 
measured  spectrum,  ~  ’*•'  V  ••  SIvi 

The  foregoing -juts  referred  to  thejiicasnrenicnt:of  powerTspci:tfa"mainly,-fioir3th~e^ew)iiruiit,;5toiiC5!shg,~ 
is  using  analog  techniques.  In  using  an  analog  device. as  a  spectrum. analy  zer,  therhatiilwidth.ofitheispcctrumiahi^^ 
aljTKcr  must  he  selected  so  as  to  cover  adequately  the  frequency  rSfigeTfxpeiited  in  the  measure'dTjiiSiitity'.- This '  *“* 
remark  is  less  obvious  when  digital  techniques  ate  employed,  for.in  this  case  the  experimenter  must  select  his  _ 
sampling  interval,  At  so  that  At  -  17/0%,  where  ru^j,  the  Nyquist  or  folding  frequency,  is  the  highest  frequency 
expected  in  the  data,  if  this  is  not  done  there  will  be  an  aliasing  of  frequency  components  such  that  one  cannot 
distinguish  sinusoids  of  frequency  2r<u,r ±oi  where  n=  !,  2. 3.  •  ■  ••  and  0«o,*<u„„ 

Central  to  this  discussion  of  the  measurement  problem  is  the  assumption  that  the  time  series  whose 
spectrum  we  desire  is  both  stationary  and  Gaussian.  In  some  instances,  if  the  physics  underlying  the  process  by 
which  the  time  series  wus  generated  is  known,  it  is  possible  to  state  whether  the  series  is  stationary  on  an  a  pri¬ 
ori  baste.  Otherwise,  it  is  necessary  to  study  the  process  itself  in  order  to  determine  if  observed  variations 
among  samples  of  the  process  are  greater  than  sampling  errors  would  predict.  In  this  empirical  examination  of  the 
process  the  experimenter  must  make  a  preliminary  estimate  of  the  maximum  sample  duration  over  which  he  can 
reasonably  expect  sinticrtarity;  and  similarly  estimate  the  minimum  duration  (for  a  selected  resolution). which  wiii 
yield  adequate  accuracy.  The  goodness  of  the  Gaussian  hypothesis  can  be  tested  by  examining  the  first  probability 
densities  of  the  amplitude  distributions  of  the  random  functions  in  question.  In  the  experiments  which  were  con¬ 
ducted  witli  the  K-80A  simulator  the  best  compromise  between  these  two  durations  was  thought  to  be  two  minutes. 
For  this  duration,  and  the  spectrum  analyzer  used,  iTfcuj-  to,)l/(2ir),  which  Tukey  has  called  degrees  of  freedom,  is 
about  22.5.  The  degrees  of  freedom  will  be  recognized  ns  the  square  of  the  denominator  of  (VI-12). 

Actually,  Tukey  has  discussed  the  variability  of  spectral  density  estimates  in  more  detail  by  noting 
that  the  ratio  of  the  inCwn  square  of  a  spectral  component  to  the  variance  of  this  spectral  component  is  distiibutcd 
ns  X'Vdegrees  of  freedom.  In  other  words,  if  we  use  the  conventional  notation  &  to  denote  the  true  population  of  d>, 
and  f  is  degrees  of  freedom  then  is  distributed  as  with  /  degrees  of  freedom.  He  is  then  able  to  state  con¬ 
fidence  limits  with  considerable  precision  in  terms  of  a  readily  available  limiting  distribution. 

The  measurement  of  cross  spectra  from  paired  phenomena  which  have  a  transport  type  delny;  such  as 
die  human  upeiucur’s  reuction  time,  introduces  another  consideration  in  sampling,  if  the  transport  type  deiay  is  r 
seconds  one  must  provide  an  analog  computer  of  bandwidths  equal  to  r»/r  to  prevent  a  contamination  of  out  measure¬ 
ments.  If  a  digital  computing  technique  is  used  the  sampling  interval,  Ar,  preferably  should  be  lees  than  r  and  at 
worst  equal  to  r.  The  precise  size  of  Ar  depends  on  the  desired  resolution  in  the  measurement  of  r. 

Very  little  has  been  said  about  the  confidence  limits  on  cross-spectra.  One  can  reasonably  expect 
that  computations  of  Vp  based  on  Equation  (IH-54),  in  which  we  compute  the  ratio  of  two  cross-spectra  computed 
from  the  same  record,  will  be  reasonably  accurate  ever,  though  the  sampling  variabiH’y  „f  t!.-.  individual  oiuss- 
spectra  may  be  large.  This  expectation  is  based  on  the  assumption  that  the  fluctuations  in  ilicse  two  related  cross¬ 
spectra  are  not  independent.  The  problem  of  assigning  sampling  confidence  limits  to  the  phase  and  the  amplitude 
ratio  parts  of  VJ, ,  determined  by  (III-54),  has  not  as  yet  been  solved  in  rigorous  form,  although  a  heuristic  develop¬ 
ment  has  been  attempted  and  will  be  presented  here. 

Referring  to  the  steps  leading  up  to  Equation  (HI-54),  one  can  write: 


*,c  _ 


(VM4) 


Ypt  is  die  true  value,  and  Yp  is  fhe  calculated  value  for  the  open  loop  pilot's  transfer  function. 

Using  the  usual  symbol,  <>,  for  ensemble  average  to  denote  the  true  values  for  above  averages,  one 
con  write  the  calculated  time  averages  as  true  averages  plus  small  errors. 


lim 

r-M» 


</•/>  +  t{i 


<h,.  +  tu 


(VI-15) 
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i'Z  =>  <l*Nc>  +  •-  O  +  eM, 


(VH6) 


in  the  above,  („  is  a  reai  quantity,  but  the  errors  associated  with  the  complex  cross-spccttal  estiihatearfeyo  imagi¬ 
nary  components.  Substituting  Equations  (VM5),  (VI-16)  in  Equation  (VT14),  ar-i 


(  e  ^ 

e  r,nt  +  yp,(»„  +  <„)  l 1  +  ijT,  + 


<i'„  !  r„  -  v; 


L'sinp  the  first  order  approximation  for  small  errors 


«*  1-1  AX -Ay 


,  *V  u 

'  c  '  V  4»(1 


one  obtains  after  cancellations: 


v„  =  v„  1+A'_-.eM„„cj 


One  can  demonstrate  that  if  V  and  V  be  complex  random  variables: 

IZf^Y*)  =  0.  .*  .  iU 


(VI-17) 


(VMS) 


n  ry 

'K  ■' 


I  Jin  ’ 


and  n  is  the  number  of  degrees  of  freedom  in  the  estimate.  Arguing  by  analogy  with  Equation  (VI-12)  in  which  the 
denominator  is  the  square  rnnr  of  the  degrees  of  freedom  of  the  spectral  estimate,  one  can  write 


Hfii" 


(VI-19) 


One  can  therefore  rewrite  Equation  (VI- 18)  as 


v,  -  y;  i  ■ 


[r„  +  n)  .  *, 

O’..  |7jAmjJ>‘  V2  *W2 


(VI-20) 


The  < ’s  are  random  variables  for  which  c  -  0,  O  ^  1,  so  that  jtj  is  distributed  circularly  on  the  Yp  plane. 

In  order  to  obtain  phase  and  amplitude  standard  deviations,  rewrite  Equation  (VI-20)  in  u  simpler  form 

so  that 

“*  V'l +  *,  +  /*!> 

where  i,  and  k2  are  small.  One  can  then  write,  since  the  small  change  in  magnitude  of  Yft  orthogonal  to  its  length 
is  negligible: 
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\Y,\eM  =  iVptle^Ml+V/Aj]  *  +  *,]«'*•. 

Similarly  one  can  equate  real  and  Imaginary  parts  in  (Vl-21)  and  obtain: 


lY.  »  ZY«  +  k,  . 

r  r*  • 

Hence  i(  j«  the  prior  in  magnitude  and  4,  the  error  in  phane 
in  AR  is: 


and  the  sampling  standard  deviation  for  phase  is: 


The  net  result  is  that  the  sampling  standard  deviation 


(VI-23) 


(Vl-24) 


In  order  to  compute  the  total  standard  deviation  in  phase  and  AR  one  must  combine  the  variances  due  to  instrumen¬ 
tation  and  computer  errors,  (t? ,  and  sampling  errors,  u* ,  so  that: 

<7,i  =  a}  i  0/  (VI-25) 

in  general,  it  wiii  be  easier  to  measure  the  quantity  u;  from  known  inputs  rather  than  10  attempt  to  estimate  the  ef¬ 
fects  of  the  various  measurement  errors  on  the  total  standard  deviation.  It  is  advantageous  to  be  able  to  compute 
(VI-23)  so  that  a  priori  statements  can  be  made  about  the  possibilities  of  resolving  desired  differences  in  Vj,  with 
a  given  experimental  design.  Unfortunately,  we  must  have  information  about  the  form  of  which  is  difficult  to 
estimate  prior  to  an  experiment.  As  a  practical  matter,  an  a  posteriori  computation  of  a,2  from  the  collected  data  is 
the  most  convenient  method  for  assessing  the  significance  of  findings  for  which  adequate  number  of  measurements 
of  exist. 

If,  however,  we  are  comparing  a  small  number,  or  perhaps  unique  measurements  of  Yp,  with  one  another, 
and  we  would  like  to  be  able  to  discuss  the  statistical  significance  of  these  comparisons,  then  an  effort  to  compute 
(VI-25)  is  necessary. 

Equations  (VI-23)  and  (VI-24)  enable  us  to  make  quantitative  judgment  about  the  accuracy  of  phase  and 
AR  estimates  which  are  extended  beyond  the  nominal  bandwidth  of  the  input  r(f).  Sine*  T„  i:  9  Hb  down  et  the 
corner  frequency,  which  defines  the  nominal  bandwidth,  and  attenuates  at  18  db/octave  thereafter,  one  can  see  from 
Kquations  (VI-23)  and  (VI-24),  that  if  'l*nnc  is  either  flut  or  attenuates  at  a  moderate  rate,  the  confidence  bands  about 
out  data  will  spread  as  o»  approaches  and  exceeds  the  cut-off  frequency  of  rbe  input  i(t).  liquation  (III-56),  which 
relates  <l>„„r  to  <bcc,  indicates  that  C>r- ,  which  could  hardly  be  expected  to  attenuate  as  rapidly  as  <!>„,  might  vety  well 
influence  so  as  to  create  an  approximately  flat  spectrum.  Further  on  in  this  report  (Figure  107)  we  will  see  that 
this  is  actually  the  case  for  azimuth  or  lateral  control  although  not  quite  the  case  for  elevation  or  longitudinal  con¬ 
trol. 


A  further  characteristic  of  the  measuring  process,  which  tends  to  deteriorate  the  quality  of  the  data, 
involves  a  paradox  of  sorts.  If  the  input  forcing  function  and  the  controlled  element  dynamics  are  such  that  the 
tracking  task  is  simple;  i.e.,  the  rms  tracking  error  is  very  small,  then  our  measurement  of  Yp,  the  open  loop  transfer 
function,  is  subject  to  rather  large  errors.  This  condition  arises  from  the  fact  that  we  measure  the  open  loop  trans¬ 
fer  function  as  follows:  Yp  -  As  a  consequence  if  t(l)  be  small  and  of  the  same  order  of  magnitude  as  in¬ 

strumentation  and  computer  errors,  measurements  will  be  confounded  by  noise.  The  closed  loop  measure  of  the 
pilot's  transfer  function  <1>1C/<1>,,  computation  is  not  affected  by  small  values  of  r(f),  since  we  only  need  to  measure 
the  cross  spectrum,  'Jv.  and  the  input  spectrum  tb,,.  In  the  F-80A  simulator  tracking  problem,  one  cannot  blithely 
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assume  tiiac,  by  dint  of  the  foiegoing  argument,  the  more  difficult  the  task  the  better  the  measure  of  Yp,  In  the 
more  difficult  tasks,  which  are  characterized  by  high  input  amplitudes  and bandwidths,  not  only  does  the  linear 
model  on  which  Yp  is  based  become  less  pertinent  to  tracking  behavior  but  the. task  may  begin  to. lose  verisimili*  - 
tude,  and  the  pilot  begins  to  play  a  game  rather  than  accept  our  innocent  deception.  In  suith  a  case,  we*would  ex¬ 
pect  greater  variability  among  pilots  since  we  would  no  longer  be  comparing  the  pilots  with  regard  to  their  ability 
to  fly  jet  aircraft  which  is  the  common  characteristic  making  pilots  a  stratified  sample.  The  foregoing  intuitive 
reasoning  yields  the  conclusion  that  our  best  data  are  those  obtained  for  an  0a  bandwidth  of  2  radians/second  and 
an  rms  input  amplitude  of  0.2  to  0.8  inches.  Indeed,  it  has  been  the  case  that  the  bulk  of  our  usable  data  was 
measured  with  these  inputs. 

4.  The  Data  Reduction  Equipment 

The  earliest  data  obtained  from  the  F-80A  simulator  and  previously  reported  [2]  were  analyzed  on  a 
device  designed  following  a  principle  suggested  by  J.  V.  Tukey.  The  present  data  were  analyzed  on  a  device  whose 
design  derives  from  the  procedure  used  by  J.  I.  Etkind,  and  independently  developed  by  F.  B.  Smith  and  others  at 
NACA,  Langley.  [3,23,74] 

The  general  analog  procedure  for  computing  cross-spectra  from  cross-correlations  is  first  to  multiply 
the  two  input  functions  at  various  time  lags.  The  average  product  at  each  lag,  which  is  the  cross- correlation,  is 
then  passed  through  a  narrow  band  filter  to  find  each  point  on  its  Fourier  transform. 

By  properly  changing  the  order  of  these  procedures  the  cross-spectrum  will  still  bo  computed,  but 
without  the  neressiry  for  intermediate  storage  of  the  cross-correlation.  The  following  describes  the  computer 
to  analyze  the  T-30A  simulation  data  [3].  First  the  narrow  band  filter  was  used  on  the  input  functions,  thr 
resulting  narrow  bond  functions  were  multiplied,  and  the  average  product  over  the  length  of  the  input  record  was 
then  determined.  To  follow  this  description  exactly,  wc  should  have  the  narrow  band  functions  in  complex  form  and 
average  both  the  real  and  imaginary  parts  of  the  product  to  find  the  real  and  imaginary  parts  of  the  cross-spectrum. 

In  practice  one  filtered  function  was  shifted  in  frequency,  so  thEt  the  real  and  imaginary  parts  occurred  as  in-pharc 
and  quadrature  components  about  some  suppressed  carrier.  These  were  phase-sensitive  detected  befoic  being  put 
into  a  low-pass  filter  for  averaging,  in  the  NACA  analyzer  the  same  result  was  obtained  by  phase  shifting  the  nar¬ 
row  hand  function  outputs  of  the  filter  before  multiplying.  One  multiplier  output  was  then  averaged  to  give  the  real 
parr,  and  another  multiplier  was  used  for  the  imaginary  part  of  the  cross-spectrum  where  the  zero-beat  part  of  the 
multiplier  output  corresponds  ro  the  detector  output  in  the  Franklin  Institute  analyzer. 

The  narrow  band  filters  used  were  identical  and  fixed.  The  frequency  of  the  signal  component  passing 
through  the  filtet  was  varied  by  a  heterodyne  scheme.  One  of  the  filter  outputs  was  furiher  heterodyned  with  a 
fixed  oscillator .  The  carrier  was  completely  suppressed  in  the  second  mixer.  The  output  of  this  second  mixer  was 
multiplied  -,th  the  output  of  the  other  filter  ro  give  ar,  output  whose  frequency  I®  that  of  the  fixed  oscillator,  and 
whose  in-phase  and  quadrature  amplitudes  are  very  short  time  estimates  of  the  cross-spectrum.  We  now  computed 
the  average  values  of  the  in-phase  and  quadrature  components  of  the  multiplier  output.  In  order  to  average  con¬ 
veniently,  using  d-c  amplifiers,  these  two  components  of  the  multiplier  output  were  converted  to  low  frequency 
signals  by  two  phase-sensitive  detectors  which  are  driven  by  the  fixed  oscillator.  The  d-c  levels  of  these  two 
signals,  averaged  over  the  ran  length  of  two  minutes  in  real  rime,  were  the  desired  output...  They  tepresent  the 
real  and  imaginary  parts  of  the  cross -spectrum.  A  block  diagram  of  this  scheme  is  shown  in  Figure  86,  and  a 
photograph  of  the  equipment  is  shown  in  Figure  37. 

The  inputs  to  this  cross-spectnim  analyzer  were  frequency  modulated  signals  recorded  by  means  of  a 
modified  Amnex  Wh  on  \/2  inch  magnetic  tape  at  1%  inches  per  second  and  played  into  the  analyzer  at  60  inches 
per  second  in  the  F-80A  studies.  The  maximum  speed-up  ratio  obtainable  with  the  record  and  playback  equipment 
was  32:1,  and  this  speed  up  ravio  was  used  for  K-MUA  data,  but  10:  i  and  8:1  ratios  have  been  used  for  other  putposes. 
Ir.  analyzer  time,  the  system's  bandwidth  is  600  cycles,  and  the  width  of  tire  narrow  band  scanning  filter  is  6  cycles. 
In  order  to  validate  the  performance  of  the  analyzer  under  conditions  as  closely  analogous  to  the  conditions  under 
which  Yr  was  measured,  the  following  circuit  was  used. 
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Figure  86.  Block  Diagram  of  the  Cross-Spectrum  Analyser. 
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A  measure  of  Yp  -  which  is  analogous  to  the  open  loop  pilot  transfer  function,  Yp,  was  obtained  from  the 

cross-spectrum  analyzer  by  using  a  32  radian/srcnnd  noise  source  input  directly,  and  by-passing  the  record  and 
playback  speed-up  system.  The  measured  points  are  to  be  found  on  Figure  89. 

V  *iv 

In  addition,  a  large  number  of  measurements  of  H  •-  y — rr  -  V  >  which  are  analogous  to  measurements 

1  I  Yy  'I’ll 

of  the  closed  loop  transfer  function  //have  been  made  using  the  tape  recorder  speed-up  system,  and  their  accuracy 
is  rhe  same  as  Figure  88  indicates  for  the  ofet-  Innp.jnensurements.  These  results  uric  very  stable  for  many  repe¬ 
titions  made  over  a  period  of  sis  months.* 

One  additional  test  was  made  of  the  cross  spectrum  analyzer's  performance,  A  simple  handwheel 
tracker,  which  had  a  small  amount  ot  mechanical  inertia,  was  used  to  track  an  input  of  4  rndians/sccorid  bandwidth. 
The  controlled  element  transfer  function  was  approximately  Yr  1.  The  closed  loop  transfer  function,  II  :  iV'J, 

since  Fc  l,  was  measured  by  A  tracking  record  for  *(/)  and  c(r)  of  two  minutes  duration  was  produced  by 

a  highly  experienced  operator,  and  was  recorded  simultaneously  both  on  magnetic  tape  and  in  digital  form.  The 
digital  data  were  accurate  to  three  significant  decimal  digit-:  and  were  produced  at  a  sampling  rate  of  2  san.plcs/scc . 
Hie  data  on  magnetic  tape  were  reduced  with  the  Franklin  Instirute  cross  spectrum  analyzer  to  obtain  'I1, The 
digital  data  were  used  to  compute  <l’ic/<l’„on  a  desk  calculator  using  eight  lags.  The  raw  spectral  estimates  were 
smoothed  by  Tukey’s  running  weighted  average  of  weights  0.23,  0.34,  and  0.23  |KU].  Figure  89  shows  the  digital 
computation:,  m  pause  and  amplitude  ratio  as  solid  lines  with  the*  analog  determination,,  unconnected  points. 

The  spectral  densities  were  not  computed  at  identical  frequencies,  which  explains  the  frequency  displacements  be¬ 
tween  analog  and  digital  deterr.:.-.at:ons  on  figure  SV.  f :gu;c  .  ..strates  that  the  rror.:.  r.r.cctr,..,,  analyzer 

coots  me  fairly  random,  and  that  the  device  piouuees  acceptable  iiuca:  tiausier  functions. 


5.  Measured  Describing  Functions 

We  shall  present  the  results  of  the  previously  described  experiments  in  the  following  manner.  Fxperi- 
mental  parameters  will  be  removed  by  averaging  in  a  successive  fashion  until  smooth  Bode  plots  for  Yp,  characteri¬ 
zing  the  three  input  bandwidths,  remain.  These  grand  average  cutves  will  then  be  fitted  by  following  a  stated  pro¬ 
cedure,  and  analytic  approximations  to  Yp  obtained. 

The  first  set  of  data  is  found  on  Figures  90  through  95,  and  presents  Bode  plots  for  elevation  and 
azimuth  control  for  pilocs  P-4,  P-2,  P-3,  P-4,  P-5,  and  P-6. 


•While  these  results  indicate  that  the  accuracy  of  tiansfer  function  measurements  with  the  equipment  is  quite  good,  we  should 
ii*5w  TiOiv  ijiai  tiicse  Same  iiicaSuivmcui.-t  ittciilcu  |iussibic  bias  siftas  in  the  p  values.  These  were  on  the  low  side,  i.e,, 
n^asured  o  ip  r,,m  the  actual.  The-cforr  one  should  net  place  too  much  confidence  in  the  values  of  p  and  derived  remnant 
quantities  shown  later. 
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Figure  r<i.  F-80A  Simulator  Open  Loop  Describing  Function  for  Pilot  P-1. 

In  the  legend  for  these  and  ail  subsequent  figures  the  forcing  function  bandwidth,  or  comer  frequency, 
is  ojco  in  radians/second,  the  rms  amplitude  of  ihe  forcing  functions  is  <1  in  inches,  and  the  number  of  runs  contri¬ 
buting  to  each  average  is  n.  In  averaging  these  curves  the  various  experimental  effects  such  as  might  arise  from 
satiation,  habituation,  and  any  possible  time  or  order  effects  were  ignored  since  these  effects  did  nor  manifest 
themselves  in  a  discriminible  fashion  in  the  Bode  plots  obtained  from  individual  two  minute  records.  These  first 
da:a  are  the  most  highly  differentiated  descriptions  of  pilot  performance  which  we  will  present.  An  examination 
of  Figures  90  through  95  reveals  the  following: 

(a)  both  the  controlled  element  and  the  input  signal  bandwidth  arc  strong  influences  on  the  form  of  Yp\ 

(b)  the  input  amplitude,  as  it  was  varied  in  our  procedure,  is  a  relatively  weak  influence  on  V’j,. 

The  straightlorward  ptocedure  For  examining  the  effects  of  forcing  function  input  characteristics,  con¬ 
trolled  element,  and  subjects,  on  the  describing  function  would  be  to  perform  an  analysis  of  variance.  Such  an 
analysis  involves  the  computation  of  variances  from  various  experimentally  defined  groupings  of  samples  which 
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Figure  91.  F-80A  Simulator  Open  Loop  Describing  Function  for  Pilot  P-2. 


are  characterized  as  follows: 

(a)  They  are  drawn  at  random  from  normal  population:. 

(b)  These  normal  populations  all  have  the  same  variance. 

Although  condition  (a)  was  fulfilled  for  the  Franklin  F-8G  data,  «n  F  test  demonstrated  that  condition 
(b)  was  not  met.  Consequently  the  following  types  of  statistical  tests  were  implied. 

Trends  were  examined  by  "i"  tests  to  determine  whether  menus  were  progressively  decreasing  or  in¬ 
creasing  as  a  function  of  some  independent  variable.  Since  hypothesized  inequalities  were  often  examined,  one 
sided  "i”  tests  were  appropriate  in  general.  Due  to  the  occasional  small  samples,  and  the  inequality  of  variances, 
special  forms  of  "t”  test  were  indicated.  In  order  to  obtain  even  small  samples  of  describing  function  estimates 
it  was  necessary  to  average  together  daca  from  experimental  runs  obtained  under  different  conditions.  In  fact, 
since  the  tms  amplitude  of  the  fo:ciG3  function  input  appeared  to  be  a  weak  influence  on  V,  as  indicated  by  Figures 
90  through  95,  significance  tests  were  made  on  the  differences  of  the  means  for  IV,!  and  <f>  for  0-3  and  0.8  and 
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Figure  93.  F-80A  Simulator  Open  Loop  Describing  Function  for  Pilot  P-4. 
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Figure  94.  F-83A  Sir.-.ulatof  Open  Loop  Describing  Function  for  Pilot  P-5. 
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Figure  95.  F-80A  Simulator  Or^n  Loop  Hescribing  Function  for  Pilot  P-6. 
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0.2  and  0.5  inches  rms  amplitudes  in  lateral  and  longitudinal  control  lespectively,  Although  there  were  clusterings 
of  significant  differences  for  individual  pilots  in  4>  01  I 'pi.  these  were  about  what  would  be  expected  by  chance  at 
the  0,1  level  when  the  population  of  pilots  was  considered  as  a  whole. 

As  a  result  of  this  test,  Figures  96  through  99,  which  present  the  results  of  averaging  input  amplitudes 
are  presented.  There  were  so  few  <jco  -  4  rad/scc  runs  that  they  are  not  presented  in  these  figures.  Although  the 
foregoing  procedure  has  the  advantage  ot  simplifying  the  data  presentation  considerably,  it  has  the  unavoidable 
effect  of  increasing  the  total  variance  in  the  various  estimates  for  V^,.  This  increase  in  variance  serves  to  obliter¬ 
ate  many  details  which  the  experiments  had  been  designed  to  tesolve.  However,  such  clear  and  striking  effects  as 
the  pilots  adaptation  to  were  significant  and  manifest  despite  increases  in  variance. 

Some  idea  of  the  differences  between  pilots  can  be  obtained  from  Figures  96  through  99  by  noting  the 
2u  confidence  bands.  An  effort  to  quantify  the  differences  in  averaged  describing  function  Bode  plots  tor  individual 
pilots  was  made  by  comparing  highly  similar  and  highly  dissimilar  Bode  plots  for  <** 0~  1  rad/sec.  Comparing  pilots 
p  4,  P  5.  and  P6  there  were  no  significant  differences  at  the  0,10  level  for  I  V^.1  in  lateral  and  longitudinal  control. 
For  pilots  3  and  6,  who  generated  markedly  different  Bode  plots,  there  were  3  differences  out  of  a  possible  6  which 
were  significant  at  the  0.02  level  for  IVpl  in  lateral  control  and  two  differences  out  of  a  possible  6  which  were  sig¬ 
nificant  at  the  0.1  level  in  <f>  for  latetal  control.  Pilots  1  and  3  demonstrated  5  out  of  6  possible  differences  to  be 
significant  for  IV(,I  in  longitudinal  control  at  the  0.02  level,  and  3  out  of  6  possible  differences  were  significant  at 
the  0,02  level  for  </>  in  lateral  control.  This  analysis  was  too  cumbersome  to  curry  out  much  further  and  the  large 
variances  associated  with  our  small  sample  measurements  made  detailed  statistical  analyses  inappropriate. 

In  Figures  100  and  101  wc  present  grand  averages  with  A1  bands  about  these  averages  for  all  six  pilots 
for  each  of  the  three  input  bandwidth*  and  two  controlled  elements.  Azimuth,  or  lateral,  control  is  presented  in 
Fieure  Kb),  and  elevation,  or  longitudinal,  control  in  Figure  101. 

It.  order  to  determine  the-  siguifieuuec  of  dir  trend  in  Figures  100  and  101  for  ,,'j  to  decrease  tor  any 
given  measurement  frequency,  as  the  input  forcing  function  bandwidth,  <eto,  uu  lenses  a  series  of  1  /"  tests 
wits  performed.  Tests  were  made  for  the  significance  level  of  the  inequalities  6,  .>  t,',2 ,  </•,  t/>4  and  tf>f  >  d, .  where 

the  subscripts  refer  to  the  values  of  cvco.  Tabic  9  present.!  the  results  of  the  sc  tests.  The  fact  that  Table  V  con¬ 
fines  the  visually  apparent  trend  is  all  the  more  convincing  in  view  of  the  high  variances  associated  with  these 
phase  averages.  A  similar  analysis  was  performed  on  IVgl  but  the  results  showed  only  five  differences,  two  of 
which  were  in  the  predicted  direction.  This  is  what  one  would  expect  by  chance  alone  on  a  two  tailed  test 
at  the  0.1  level.  The  conclusion  shown  was  that  I >*,1  was  not  a  function  of  <ori>. 

Tire  averages  in  Figures  100  and  101  are  the  basis  of  the  curves  fitted  to  the  describing  function  data 
for  the  puipoae  of  getting  analytic  approximations  rn  V,, 

The  actual  fitting  procedures  were  based  on  the  following  considerations: 
fa)  Tee  >diot-ri 'frame  (simulator)  system  was  stable. 

(b)  The  controlled  clement  characteristics  (airframe  transfer  function)  required  the  operator  to  develop 
lead  in  certain  specific  frequency  ranges,  either  for  stability  or  for  low  frequency  performance  reasons. 

(c)  The  simplest  fit  consistent  with  the  data  should  be  used,  though  anc1'  would  always  be  required. 

(d)  The  value  of  t  should  net  be  restricted  or  assumed,  though  it  should  be  greater  than  0,1  seconds. 

Since  the  subject  and  general  situation  was  the  same  for  all  of  an  individual’s  runs,  and  the  subject 
was  presumably  hot  exposed  to  preconditioning  of  ar.y  so:;  ether  than  goner.*!  instructions,  one  ■■■■  ouJu 
be  safe  in  assuming  that  the  value  of  r  obtained  should  not  be  an  extreme  function  of  bandwidth.  Tins 
latter  point  was  not  taken  for  granted,  however,  being  subject  to  a  check  of  sorts. 
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Figure  96.  F*80A  Simulator  Yp  with  to  Confidence  Banda  (Lateral;  &)«,  -  1  rad/aec). 
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Figure  97.  F-80A  SunvUtor  Yp  with 
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Figure  98.  F80»A  Simulator  Yp  with  to  < 
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Figure  99.  F80-A  Sie?u?ator  Yf  with  10  Confidence  Binds  (Longioidiu*!,  =  ?  rad/»ec). 
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Figure  100.  F-80A  Simulator  Grand  Averages  for  Yp  ia  AzimuJi  Control. 


I! 

ii 


j 

I 

I 


\ 

J 

.1 

! 

i 


Figure  10I<  F-80A  Simulator  Grand  Averages  for  Yf  in  Elevation  Control. 
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Table  9.  Significance  Levels  far  Three  ij>  Inequalities. 
CODE.  $  =  vVvW-,4 


Cti 

rail/'scc 

LATERAL  CONTROL  MODE 

LONGITUDINAL  CONTROL  NODE 

0,  >  </>2 

</>  1  >  04 

$1  >0s 

4>\  > 

<r>2  >  0* 

0.6 

Tl.  S. 

72.  S* 

72.  5, 

tl,  s. 

M,  Si 

il.  S. 

1.2 

.01 

.01 

.025 

.01 

ff«  -V, 

72.  S, 

1.8 

n .  a. 

.01 

.01 

.01 

.01 

.01 

2.4 

n ,  s. 

.01 

.01 

.01 

.01 

.01 

3.0 

t(.Ol) 

.05 

.01 

.025 

.01 

.01 

3.6 

Mi  S. 

.01 

.01 

.05 

.01 

.01 

t  Denotes  a  significant  inequality  in  an  opposite  sense  from  the  column  heading. 


llic  initial  step  tu  the-  tic-mil.  .1  fitting  procedure,  nine!-  .111  t'1'  was  necessary  fioni  .1  general  considoi.,- 
tion  of  the  amplitude  ratio  and  phase  curves,  was  the  construction  nf  a  series  of  families  1  rui  for  various 

values  of  r,  This  was  done  to  determine  an  allowable  range  of  values  for  simple  fils,  and  the  general  type  of  fit  re¬ 
quired.  From  this  step  it  was  determined  that 

0)  The  simplest  possible  form  of  rransfet  function  consistent  with  all  the  F-80A  simulator  data  was 


'Tl  (aTs  4  1) 
Tsai 


(VI-26) 


As  has  been  pointed  out  previously  the  above  form  has  the  disadvantage  of  not  approaching  zero  as  s 
becomes  infinitely  large,  Should  we  assume  that  the  describing  function  is  of  the  form  shown  in  Equation  (V-2  4), 
Yp(j oj)  approaches  0  as  /to-.™.  It  should  be  understood,  however,  that  out  fits  are  not  meant  to  be  naively  extended 
beyond  the  lunge  defined  by  the  measured  points  nor  should  one  lose  sight  of  the  fact  that  rhe  measured  points  arc 
the  basic  data.  In  addition,  since  an  appropriate  selection  of  the  four  constants  in  Kquntion  (VI-26)  in  accordance 
with  the  following  considerations  results  in  a  stable  pilot  aircraft  system,  a  principle  of  parsimonious  description 
would  argue  against  adding  a  high  frequency  lag  of  Equation  (V-42)  to  Equation  (VI-26).  If,  on  the  other  hand,  it  is 
desirable  to  follow  a  principle  of  consistency  with  a  larger  body  of  data  and  theory,  then  following  the  Eq.  (V-42) 
form  is  indicated.  Although  the  present  development  presupposes  the  form  of  Equation  (VI-26),  the  utility  of  the 
Equation  (V-42)  form  is  examined  later  on. 

(2)  With  all  three  input  bandwidchs  considered,  the  value  of  r  must  be  larger  than  0.20  seconds  and  equal 
to  01  less  than  0.30  seconds  if  rhe  form  of  equation  (Vl-.'O;  ;s  accepted. 

Data  for  amplitude  ratio  and  phase  were  then  examined  in  detail.  This  examination  revealed  that: 

(1)  The  dc  gain  Kp  is  essentially  the  same  for  all  three  bandwidth  conditions. 

(2)  The  values  of  a  are  in  the  sequence  a(  >  e2  >  a4  (rad/sec). 

(3)  In  general,  the  amplitude  ratio  of  the  pilot  data  indicated  that  the  lead  break  (1  /aT)  should  occur  in 
the  region  of  1  <  (l/a)T  <  2.5  rad/sec  for  elevation  control  and  in  the  region  2  <  (l/a)f  <  5  rad/sec  for 
azimuth  control.  This  conclusion  checked  nicely  with  intuitive  notions  about  "requirements”  imposed 
upon  the  operator  by  the  airframe  transfer  function. 
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The  conclusions  of  the  foregoing  were  then  rechecked  with  the  residual  phases  of  the  +rw  plots* 

Tiiis  resulted  in  the  selection  of  a  r-  0,25  seconds  as  an  excellent  value  consistent  with  aU  rf  the  above  work  for 
all  three  cases.  With  r  selected,  and  the  above  points  kept  in  mind,  the  final  fits  were  made.  __ 

The  fitted  forms  obtained  above,  and  the  original  data  points  were  then  added  to  a  Qode  piol  »J  . 

airframe  transfer  function  to  make  certain  that  the  overall  system  was  stable, 


The  results  of  the  foregoing  fitting  procedure  are  shown  on  Figures  102  and  103.  When  the  fitted  an¬ 
alytic  forms  are  added  to  Figure  85  we  have  nearly  neutral  stability  in  the  region  of  the  aircraft's  resonant  fre¬ 
quency  in  lateral  response  of  3.8  radians/second.  When  the  measured  values  of  Yp  for  lateral  response  are  plotted 
on  Figure  b’5,  we  have  good  stability  over  the  entire  measured  range.  One  can  see  from  I  igure  86,  however,  that 
stability  is  not  an  important  criterion  in  longitudinal  control.  It  is  comforting  ro  find  that,  after  boiling  the  data 
down  to  just  three  fiode  plots  for  lateral  and  for  longitudinal  control,  *hesc  averaged  data  are  consistent  with  the 
demands  ike  controlled  element  imposes  on  llic  pilot.  In  a  sense,  this  cuiiaisicney,  which  imrd»c*:  an  lining 
function  on  the  pilot’s  part,  justifies  many  of  the  debatable  manipulations  to  which  the  data  were  subjected  enrwite 
to  this  point. 
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The  analytic  approximations  presented  in  Figures  102  and  103  can  be  complemented  by  the  following 
equally  good  fits  according  to  liquation  (V-42)  to  the  data  for  aileron  control. 


0.20  e"0'1*1  (s/0. 18  t  1) 

(s/2.3  *1)  (s/10  *1) 

0.28e“fM^U/0._31  ■»  1J 
(s/3.1  .  l)  (s/10 .1) 

0.30 e~0  |ts  (s/0  19  <  1) 
'.s/1.3  i  l)(s/10  <  1) 
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In  elevation  control  we  have  the  following  comparable  array: 


ft 


cuco  Analytic  Form  for  Yp  a 


0.6?  e'0-15‘ (s/4  +  1) 
(s/40  +  ljb/U)-i  l~j 

0.63<^u’Js/6+J) 
U/20  +  iHs/i6'-t  i) 


4  No  reasonable  fit  was  achieved 


The  observed  rather  poor  fit  for  eoto  =  4  in  Figure  103  was  considerably  worsened  when  the  effort  vns  made  to  shift 
r  down  to  0.13  seconds  and  compensate  with  a  time  constant  of  0.1  seconds  in  the  so-called  neuromuscular  lag 
term.  An  improvement  over  either  of  these  approximations  to  tut„=  4  for  elevation  control  could  have  been  effected 
by  relaxing  our  condition  that  r’s  be  equal  over  all  bandwidths.  A  r  of  0.3  to  0.4  seconds  improves  matters  consid¬ 
erably,  if  we  do  not  relax  our  conditions  on  the  desired  amplitude  response  form  of  Equation  (VI-26). 

An  examination  of  Figures  100  or  103,  where  the  grand  average  data  for  elevnrion  control  are  presented, 
reveals  that  both  Equations  (V-4?)  and  (Vl-26)  are  forced  fits  to  the  data.  A  more  attractive  explanation  of  these 
data  will  be  found  in  Figure  146  c  of  this  report.  Here  we  have  hypothesized  a  linear  describing  function  with  an 
anticipation  or  sgn  function  in  parallel.  This  model  would  predict  that  for  low  linear  correlations  Eq.  (II1-6S),  the 
sgn  function  would  dominate  and  the  overall  descitbing  function  of  the  human  operator  would  approach  a  purr  gain 
with  zero  phase  lag.  Thin  is  precisely  what  we  find  for  elevation  control  for  input  forcing  function  bandwidths  of 
one  and  two  radians/sreond.  The  averaged  describing  function  for  the  4  radinns/secor.d  forcing( function  input  has 
the  form  of  a  sgn  function  in  parallel  with  a  puie  delay  time  phase  lag  of  e'°'2,‘.  It  is  of  interest  to  note  in  Fig.  108 
that  the  trend  for  measured  linear  correlations  is  to  increase  with  increasing  forcing  function  bandwidth,  t  oase- 
quently,  and  consistent  with  our  observations,  the  sgn  function  is  most  influential  lor  these  lower  bandwidths. 


6.  The  Remnant  and  Tracking  Errors 


An  experimental  measure  of  equal  importance  with  V’p,  the  open  loop  describing  function,  is  p,  the 
linear  correlation,  which  we  discussed  initially  in  paragraph  4  of  Section  III  of  this  report,  In  the  assessment  of 
the  adequacy  or  our  describing  functions,  an  important  criterion  is:  how  much  of  the  total  output  of  the  man  is  de¬ 
rivable  from  the  describing  functions  we  have  extracted.  This  is  precisely  what  p  measures,  for  referring  to 
Equation  (111-64),  we  find  the  ratio  of  remnant  power  to  the  total  power  output: 


or  if  we  desire  w~..  can  express  the  output  signal  to  noise  power  ratio  as  in  Equation  (111*65) 

Iff j  14*0  _  £_ 

“  l-p‘ 

ffe  can  compute  these  and  other  characteristics  of  the  remnant  from  p  which  is  [cf.  Equation  (III-68)]: 

__  I4U 
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Figure  104.  Linear  Correlations  for  6  Pilots  with  to  Confidence  Bands  (Lateral;  -  1  rad/sec). 


Although  p  wus  deu-rinincd  for  each  of  the  several  conditions  for  which  V»  values  were  measuied,  wc 
will  only  present  certain  representative  determinations  of  p  at  this  time.  Some  general  statements  can  be  made 
about  the  bulk  of  these  data.  Although  the  shape  of  a  given  p  plot  as  a  function  of  frequency  is  characteristic  of 
individual  pilots,  there  seems  to  be  a  consistent  increase  in  'he  average  value  of  p  as  a  function  of  the  bandwidth 
of  the  system  forcing  function,  which  is  demunstrareo  try  all  pilots. 

In  Figures  104  through  107  we  present  the  p  measurements  for  6  pilots  ev-raged  over  inpui  amplitudes, 
together  with  the  2u  confidence  bands,  for  both  longitudinal  and  lateral  control  of  the  F-80A  simulator. 

In  order  to  get  some  notion  of  the  range  of  significant  differences  in  the  p  plots  of  individual  pilots,  a 
comparison  was  made  between  rhe  most  and  the  least  similar  p  plots  on  Figures  104  and  106,  Similarity  and  dis¬ 
similarity  were  defined  subjectively,  A  comparison  on  Figure  104  between  P-1  and  P-4  showed  no  significant  dif¬ 
ferences;  whereas  P-3  and  P-5  showed  }  out  of  a  possible  6  differences  to  be  significant  at  the  0,02  level.  On 
Figure  106;  P-1  and  P-3  showed  no  significant  differences;  whereas  P-2  and  P-6  had  2  out  of  6  possible  differences 
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Figure  105.  Linear  Correlations  for  6  Pilots  with  to  Confidence  Rands  (Lateral;  c.-vu  2  rad/sec). 


significant  at  the  0.05  level.  This  crude  assessment  was  too  awkward  to  apply  to  other  pairs  of  p  curves,  but  it 
should  serve  the  reader  in  making  casual  judgments  about  variability  between  pilots  in  average  p. 

In  Figure  108,  we  have  p  versus  to  for  1,  2,  and  4,  radians/sccond  averaged  over  pilots. 

Since  an  analysis  of  variance  could  not  be  performed  due  to  the  lack  of  variance  equality  for  the  pop¬ 
ulations  of  p  values  sampled,  a  "l"  test  was  performed  to  check  the  visually  observed  trend  tor  average  p  to  in¬ 
crease  with  In  Table  10  we  present  the  results  of  a  test  of  this  observed  trend.  As  with  our  data  for  Vj,,  the 
high  variances  about  p  make  Table  o  all  the  more  convincing. 
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Figure  106.  Linear  Correlations  for  6  Pilots  with  trr  Confidence  Bands  (Longitudinal;  &;co  ..  1  jad/scc). 
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Fi-”:r  I07.  Linear  Correlation?  for  6  Pilots  with  to  Confidence  Bands  (Longitudinal;  ojco  =  2  rad/sec). 
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Figure  108.  Averaged  Linear  Correlation  to r  All  Pilot*  with  to  Confidence  Bands. 
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Table  10.  Significance  Levels  for  Three  p  Inequalities. 
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Figure  109.  F-80A  Closed  Loop  Remount,  Lateral  Control. 

Then  ve  compute  the  remnant  from  p,  we  cannot  average  out  forcing  function  amplitudes  as  we  have 
done  in  our  plots  of  p  since  4>cc  is  obviously  a  strong  function  of  the  input  amplitude;  Equation  (HI-64).  In  Fig.  109 
and  110,  is  measured  in  db,  where  db  conversion  is  from  units  of  inches1/ radian/second,  measured  on  the  os¬ 
cilloscope,  Since  the  flight  problem  is  calibrated  so  that  14  inch  deflection  on  the  scope  corresponds  to  one  degree 
of  displacement  for  the  target  at  1000  yards  range,  these  data  can  be  converted  in  degrees,  mils,  or  whatever  unit 
is  appropriate  for  the  reader’s  purpusc. 

In  Figure  111  we  have  presented  relative  measures  of  the  open  loop  output  noise,  >I>Wc,  based  on  the 
assumption  that  4>m  is  all  due  to  noise  injected  by  the  operator  at  his  output. 
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Thus  following  (111*74): 


^inq  — ■  ll  +  —  |/}|l^l  '  - ■ 

Tlje  data  shown  were  normalized  by  dividingby_tbe  in* 
tegtated  spectrum;  ~  ~ 


Figure  113.  F-80A  Remnant  Due  to  Non-Steady 
Describing  Function. 


Jn  C^uMdco. 

In  Figure  112  we  present  similar  curves  based 
on  assumption  that  the  noise  was  injected  at  the  op¬ 
erator's  input;  i.e.,  Thus  following  (111*75): 

j  1  +  0^1 J  4\m 

=  i  v;,  I  "  | h\2  ' 

Where  the  data  ware  normalized  as  before  by 

&  c*-<  u)d<°  • 


It  is  also  possible  to  plot  the  spectrum  of  the 
remnant  assuming  that  all  of  the  remnant  is  due  to 
non-steady  behavior  as  discussed  in  Section  HI.  sub¬ 
section  5*d  of  this  report  by  using  liquation  (111-92) 
which  defines  the  non-stead  y  remnant  autocorrelation 
as  follows: 

ka«a//M  "  7T7 Z<  ■ 


Since  the  hand  computations  involved  in  transforming  the  spectral  densities  <b(1.,(rii)  and  '!>.,(&;)  to  •*--  - . 

autocorrelations,  and  then  obtaining  the  Fourier  transform  of  the  ">'!o  to  obtain  ‘Ku.ofru)  were  long  and 

tedious  only  one  sample  computation  for  <1'aHAH^cu)  was  made.  Figure  113  is  <I%g^(cj)  which  represents  an  average 
for  all  pilots  for  cuco  =  2  rads/sec,  and  for  •/=  0.3  inches  rms  for  lateral  control  and  J  0.2  inches  rms  for  longitu¬ 
dinal  control.  The  units  of  the  spectral  density  are  arbitrary,  and  the  scale  is  arithmetic  rather  than  in  db  since 
zeros  occur  in  the  spectral  density  values.  Figure  113  presents  a  general  shape  which  is  typical  of  the  other  in¬ 
put  conditions  as  can  be  inferred  by  ezamining  the  form  of  the  curves  on  Figures  109,  110,  116,  and  117.  The  scale 
units  of  Figure  115  ate  arbitiary  ,  although  consistent  for  longitudinal  versus  lateral  comparisons.  The  significant 
feature  of  113  .  however,  is  the  curve  shape  rather  than  the  magnitudes  of  spectral  density  values. 

rko  .Jn  Jo  Acsntail  <  **  tinaimte  ^A»m;  ftfptrlrtiiplv  f  nn rl  nco fu !  |m  -i». njti  wSha  rtjk *«  an eu  J»s ^ 

it  is  appropriate  to  comment  upon  the  application  of  die  various  remnant  models  to  the  F-80A  data,  fn  most  cases 
this  is  difficult  because  tb»  limited  range  cf  cur  ir.cssiireaents  ’’nfc.Kur.ctcly  does  not  coincide  with  fre¬ 

quency  ranges  in  which  the  remnant  forms  are  varying  in  any  exciting  ways.  In  addition  the  p  values  upon  which 
the  remnant  values  are  based  are  suspect,  and  the  averaging  process  has  obliterated  much  of  the  fine  detail  in  the 
data.  Some  of  the  rapid  fluctuations  in  individual  measurements  may  have  meaning,  but  the  variability  is  so  great 
that  it  is  impossible  to  determine  other  than  grossly  smoothed  trends.  Most  important  of  all,  the  effects  of  the  ex¬ 
treme  controlled  element  characteristics  tends  to  override  most  others,  such  as  the  influence  of  forcing  function 
amplitude  and  bandwidth.  Since  we  are  hemmed  in  by  these  factors,  about  all  that  can  be  done  is  to  search  for 
trends  that  may  either  be  consistent  or  inconsistent  with  the  other  data  sources.  The  net  result  of  such  an  exami¬ 
nation,  considering  the  application  of  both  the  previously  considered  "nonstcady  operator”  and  "output  noise” 
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Figure  116.  Averaged  Forcing  Function 
Spectra,  Lateral  Control. 
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Figure  117.  Averaged  Forcing  Function 
Spectra,  Longitudinal  Control. 
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models,  cm  be  summed  up  in  the  negative  statement  that  the  F-80A  data  is  not  inconsistent  with  these  remnant 
' 'explanations ’!.  The  possibility  of  a  simple  "input  noise”  iajnctipo  model  plftsiM*?  .$* 
tion  which  had  some  limited  value  for  Elkind's  <Utt,  is  largely  ruled  out  for.F;8$A  d*ta* 

A  straightforward  method  for  evaluating  a  tracking  system  is  to.computejhe^^e^^t^j£®^ 
spec, mm.  Our  measurements  of  the  describing  functions  have  enabled  us  to  tell  how  the  pilot  has  been  control¬ 
ling  his  aircraft,  but  they  do  not  tell  us  how  well,  in  an  rms  error  sense,  the  pilot  ts  tracking.  To  compute  such  ad¬ 
measure  we  need  both  the  describing  function  data,  the  input  forcing  function  and  the  closed  loop  noiae,  W*,.  we 
can,  however,  measure  the  ettot  spectral  density  directly,  and  this  has  been  done  and  averaged  over  all pilots.  In 
Figures  U4  and  U>  we  ptesent  the  error  spectra  for  azimuth  and  elevation  control.  e  nr  ,n*‘‘s  are  conve  e 
from  <J>«  expressed  in  units  of  inches  i/rad/aec,  measured  on  the  pilot's  oscilloscope.  It  is  difficult  to  obtain  tms 
errors  for  these  data  since  we  cannot  be  sure  how  the  curves  extrapolate  to  zero.  It  is  instructive  to  compare  thes 
spectra  with  the  averaged  inpul  spectra  shown  on  Figures  U5  and  Uo.  As  before,  the  tin-ef-ying  U**‘u  ° 
ordinate  scale  are  inchesVradinn/second.  Since  the  filters  used  to  shape  <l>i(  were  known,  the  zero  frequency 
asymptotes  ate  known,  hence  the  Figures,  115  and  116  were  used  to  obtain  rms  valuee  for  the  forcing  function 
input  using  the  relation: 


§■? 

V 

r 

iJ 


vr*  =  • 

The  tms  magnitudes  ate  approximately  equal  ovet  input  bandwidths,  and  the  derived  values  in  inches  ms  for  the 
low,  medium  and  high  magnitudes  in  azimuth,  or  longitudinal  control,  and  elevation,  or  lateral  control,  are: 


low  Me  Mum  High 


Aileron .  0.25  0.81  1.0 

Elevation .  0.18  0.48  0.80 


It  can  be  noted  from  FigaN*  113  through  ll6  'bat  the  error  spectrum  is  not  proportional  to  the  input 
soectium  since  the  spread  between  Seer,  medium,  and  high  input  magnitudes  is  compressed  considerably  in  the 
error  spectrum.  A  second  obvious  point  ia  that  the  error  spectrum  is  always  higher  than  the  corresponding  input 
spectrum.  This  »i»ie  of  affairs  might  prompt  the  remark  that  the  airplane  would  do  better  without  the  pilot  at- 
tempting  to  fly  it!  This  remark,  of  coarse,  ignores  the  feet  that  the  pilot  is  stabilizing  and  directing;  that  is, 
Hying  tne  aircratc,  ana  tne  cnoi  **»««*<»  “v>u  f»vw-w, 
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Section  VII 


THE  VARIABILITY  OF  DESCRIBING  FUNCTION  DATA 


A.  INTRODUCTION  ....  ... 

One  of  the  first  questions  that  arises  in  an  attempt  to  apply  measured-describing  functions  for  human 
operators  is  the  extent  rb  which  a  specified  function  applies  to  the  problem  at  hand.  In  Sections  V  and  VI  we  in¬ 
dicated  how  the  dynamic  response  of  the  human  operator  adapted  itself  to  the  demands  of  the  forcing  function  input 
to  the  control  system  as  well  as  to  the  constraints  imposed  by  the  dynamics  of  the  controlled  element.  In  addition, 
we  presented  a  brief  discussion  of  the  sampling  variability  to  be  expected  in  describing  function  estimates  together 
with  illustmiioiis  of  measurement  variability  for  individual  subjects  tracking  with  a  controlled  element  (Figures  96 
through  99).  There  are  many  additional  influences  which  might  be  expected  to  increase  the  variability  of  our  esti¬ 
mates,  and  we  will  attempt  to  discuss  some  of  them  in  this  section.  Several  of  the  influences  which  immediately 
come  to  mind  are: 


(o)  Variations  in  the  describing  function  over  time  intervals  which  are  long  with  respect  r«  run  length 
I.  changes  due  to  fatigue  or  satiation 
It.  changes  due  to  practice 
Hi.  changes  due  to  motivational  factors 
Iv.  length  of  time  interval  over  which  data  were  examined 
v.  "set"  to  respond  and  instructions 

(b)  Variations  in  the  describing  function  due  to  differences  among  subjects 

I.  level  of  skill  attained  by  die  subject  as  limited  by  physiological  factors 
ii.  see  a-i,  a-ii,  and  a-iii. 

Hi.  changes  in  physiological  state  due  to  drugs 

(c)  Variations  in  the  describing  function  due  to  a  dilution  of  the  operator’s  best  efforts 

I,  conflicting  demands  competing  for  either  visual  or  manual  attention 

II.  manual  encumberances  such  as  pressure  suits. 

The  foregoing  listing  could  easily  be  extended  and  expanded,  bur  since  we  will  only  be  able  to  present 
empirical  evidence  for  a  few  of  the  possibilities  outlined,  further  conjectural  detail  is  not  valuable  nr  the  moment. 


B.  VARIABILITY  IN  SIMPLE  MAN  GENERATED  TIME  SERIES 

Since  the  describing  functions  in  which  we  are  interested  derive  from  spectral  density  and  cross-speciral 
density  measures  of  time  series  generated  by  human  operators  in  closed  loop  eye-hand  control  tasks,  it  is  of  interest 
to  determine  whether  there  exist  measures  of  the  variability  of  either  the  visual  sensor  or  of  the  manual  effector  con¬ 
sidered  either  separately  or  in  tasks  peripherally  related  rn  rrarlting  problems.  It  would  be  unrealistic  at  this  stage 
to  expect  a  simple  relationship  such  that,  for  example,  certain  types  of  variability  could  be  specifically  associated 
with  end  organ,  central  processes,  or  the  neuro-muscular  system  nf  rSe  reseller,  (in  a  sense,  we  are  implying  the  pos¬ 
sibility  of  measuring  and  assigning  variability  to  the  various  internal  human  operator  components,  much  as  we  at¬ 
tempted  to  analyze  dead  time  in  human  control  behavior  in  Section  IV.)  We  can,  though  perhaps  naively,  hope  for 
the  attractive  possibility  of  such  an  eventual  development.  We  shall  present  two  examples  of  experimentation  in 
this  direction.  First  we  will  discuss  measurements  made  in  bat-  time  series. 

As  part  of  a  general  investigation  of  the  electroencephalographic  correlates  of  "state  of  consciousness” 
carried  out  at  the  Franklin  Institute  !  54],  spectral  densities  were  computed  from  die  voltages  generated  in  the 
visual  cortex  for  six  subjects.  In  addition,  cross- spectral  densities  were  computed  of  the  so-called  visual  forcing 
function  (created  by  a  strobe  lamp  of  duty  cycle  varying  from  2  to  22  cycles  per  second  depending  on  the  experi¬ 
ment)  and  the  evoked  oi  driven  electroencephalographic  voltages  measured  on  the  scalp  area  above  the  visual  cor¬ 
tex.  The  spectra,  measured  from  two  to  three  minure  runs,  were  characterized  by  approximately  100  degrees  of 
freedom  in  the  Tukey  sense,  and  consequently  it  was  possible  to  make  significant  discriminations  of  measured  ef¬ 
fects.  Findings  peripherally  related  to  tracking  can  be  summarized  as  follows: 
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(o)  The  visual  process  measured  by  the  spectra  computed  from  visual  cortex  voltages  was  significantly 
different  from  individual  to  individual. 

(b)  Drugs  such-  as  epinephrine  sod  mcttazol,  and  trial  order  andppssible  fatigue  in'  the  experimental  ■ :  - 
situation, .had  significantly  different  effects  from  subject  to  subject. 

(c)  Cross-spectral  density  measures  between  visual  input  and  evoked  (espouse  indicated  that  the  time  - .  ' 
lag  between  the  fundamental  of- the- visual  forcing  function  and  the  fundamental  of  responseevokedjo-Ei  _Z 
the  visual  cortex  was  generally  within  the  range  of  .035  to  .07  seconds  which  was  stated  to  be  the 

latency  of  the  visual  process  in  Section  IV.  The  time  lag  measured  from  the  cross-spectra  decreased 
as  die  visual  input  frequency  increased.  This  effect  is  consistent  with  our  remarks  in  Section  IV  since 
the  higher  flash  rates  may  be  considered  to  produce  stimulus  of  higher  energy  content  by  dint  of  the  in¬ 
tegrative  action  of  the  visual  process. 

The  foregoing  findings  arc  not  capable  of  extensive  generalization  because  of  both  the  casual  experi¬ 
mental  design  employed,  ami  die  Small  number  of  subjects  studied.  The  data  are  stimulating,  however,  and  we  pre¬ 
sent  them  in  this  light. 

It  is  difficult  to  find  data  pertinent  to  the  variability  of  time  series  associated  with  the  various  internal 
components  of  the  human  tracking  mechanism.  The  next  step  in  complexity,  as  we  approach  studies  devoted  tu 
dosed  loop  tracking  tasks,  is  Provided  by  Abclson’s  study  of  individual  differences  in  (he  performance  of  routine 
repetitive  tasks  [1],  Abel  son  refers  to  some  conversational  remarks  by  Dr.  Shewhart  to  the  effect  that  from  his  own 
observations  it  is  virtually  impossible  to  find  a  series  of  repetitive  human  performances  which  is  “in  control”.  By 
''in  control”  is  meant  that  measurements  oil  successive  outputs  are  independent,  and  dipt  these  individual  measure¬ 
ments  are  normally  distributed  with  a  fixed  predetermined  variance.  In  other  words  ''in  control”  refers  to  a  stationary 
time  scries  for  which  die  spectrum  is  flat  out  to  some  limiting  measurement,  Various  human  decision  and  judgment 
process**,  which  have  l-een  shown  to  be  dcscttbnble  by  n  Markoff  process,  would  thus  be  "nui  of  control ",  and 
would  corroborate  Shcwhart's  position  J90l.  Abe|so,i’s  «r,,.4y  was  direr-red  toward  specifying  this  unusun!  "out  of 
Control"  behavior,  and  attempting  to  relate  individual  differences  to  this  behavior. 

The  sample  of  behavior  examined  was  the  task  of  jabbing  a  stylus  at  a  target,  a  sort  of  open  loop  dis¬ 
crete  Hacking  problem.  Tills  choice  of  task  was  made  for  the  following  reasons,  among  others: 

(a)  It  is  desirable  to  minimize  learning  and  fatigue  factors  since  they  tend  to  make  the  time  series 
non-stationary. 

(b)  The  observations  should  be  easily  measured  and  the  task  production  rate  should  be  high. 

(e)  The  goal  of  the  perceptual -motor  task  should  be  kept  constant,  for  otherwise  the  results  muy  be 
dependent  on  the  manner  in  which  the  goal  changes.  The  task  should  not,  however,  be  so  simple  that 
performance  variability  is  negligible. 

In  the  experimental  procedure  the  subject  stood  alongside  a  table  on  which  a  box  was  placed.  A  square 
of  paper  on  the  box  served  as  a  target  area,  and  the  extent  to  which  this  target  was  defined  was  one  of  the  experi¬ 
mental  variables.  Under  the  target,  a  typewriter  ribbon  backed  metal  sheet  served  to  record  the  subjects  jabs  on  a 
tape  which  moved  at  a  constant  rate  across  the  length  of  the  box.  To  minimize  the  effect  of  die  subject  being  in¬ 
fluenced  by  the  knowledge  of  where  his  previous  jabs  had  landed,  the  target  papers  were  covered  with  a  large  num¬ 
ber  of  indentations  prior  to  die  experiment.  The  stylus  was  held  so  that  the  top  touched  a  backstop  placed  fifteen 
inches  above  the  target  area.  When  in  this  position  the  point  of  the  stylus  was  eight  inches  from  the  target  area. 

The  subject  set  his  own  jabbing  race,  lifting  the  stylus  so  that  it  made  contact  with  the  backstop  after  each  jab, 
and  continuing  until  he  had  produced  1UU  jabs  lor  each  of  five  task  variations.  Tire  tusk  vaiiuiious,  which  were 
miner  redefinitions  of  the  target  urea,  are  of  little  interest  for  our  purposes.  Thirty-throe  subjects  were  used  and 
fifteen  of  them  were  retested  on  the  same  tasks  one  month  later. 

The  time  series  so  generated  were  converted  to  spectra,  4>p,  after  appropriate  smoothing,  and  for  each 
subject,  each  task,  and  lag  values  of  p  =  0,  I,  2,  3, 4, 7, 12, 17  jabs  the  ratios  of  the  spectra 
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were  computed.  According  to  Tukey  [81] ,  if  the  tree  population  value  of  <!'  is  $  then 


is  distributed  as  xl  with  /  degrees  of  freedom  where: 

/  _  2 (NUMBER  OF  OBSERVATIONS  IN  THE  TIME  SERIES)  2N 
^  NUMBER  OF  LAG  COVARIANCES  COMPUTED  ~  m 

for  a  reasonably  flat  spectrum.  There  is  a  loss  in  degrees  of  freedom  as  the  spectrum  departs  from  flatness. 

Under  a  null  hypothesis  of  no  difference  between  tesi  and  rerest  and  with  a  selected  significance  ievcl 
of  20/4  (x1//  is  approximately  distributed  as  F,  where  /  =  n,  and  nt  is  very  large,  and  a  two  tailed  F  list  with  X0f5  on 
each  tail  was  used),  33%  of  the  ratios  were  significant.  This  is  considerably  higher  than  the  expected  20%.  An  an¬ 
alysis  of  variance  further  demonstrated  that  the  taslr  and  subject  task  interaction  variances  were  not  significant. 
Thus  individual  differences  were  the  major  causes  of  significant  difference.  It  turned  out  that  the  variance,  o2,  the 
proportion  of  low  frequency  components  in  the  spectrum,  and  jpb  speed,  were  particularly  geyd  jndirec  of  individual 
differences.  Jab  rate,  of  course,  is  not  a  measure  derived  from  the  spectra. 

In  an  effort  to  relate  these  patterns  of  individual  difference  to  personality  variables  a  correlation  of 
sorts  was  obtained  with  the  following  factors: 

(a)  Degree  of  persistence  of  perceptual  focus  (i.e.,  puwei  of  attention). 

(b)  Manual  dexterity. 

(c)  Degree  of  emotional  commitment  to  task  situation. 

These  personality  factors  are  pertinent  to  closed  loop  tracking  as  well,  and  it  can  be  seen  tlmt  they 
reflect  some  of  our  a  priori  notions  of  sources  of  individual  variability. 

The  only  summary  statements  that  we  can  make  about  the  two  foregoing  studies  are  that: 

(a)  They  leave  much  to  be  desired  in  our  unrealistic  hope  of  being  able  to  apply  a  "system  reliability” 

approach  to  a  human  control  system. 

0>)  Roth  tasks  demonstrated  relatively  high  differences  between  the  performances  of  individuals. 

It  is  of  interest  to  wonder  whether  the  preceding  studies  did  not  favor  high  individual  differences  by 
dint  of  their  free  stiuctures,  since  behavior  was  neither  constrained  by  a  mechanism  nor  oriented  by  a  rigid  task 
goal.  The  fact  that  this  freedom  of  arrion  resulted  in  individual  differences  is  something  which  we  could  have  ex¬ 
pected  with  all  the  wisdom  inherent  in  hindsight. 


C.  VARIABILITY  IN  TRACKING  TASKS  WITHOUT  DYNAMICS 

In  the  introduction  to  this  section  we  mentioned  several  of  the  possible  sources  of  contaminating  vari¬ 
ability  in  describing  function  measurements.  As  implied  in  our  treatment  of  the  previous  subsection,  the  variability 
of  describing  functions  has  the  same  origin  as  variability  associated  with  other  time  series  measurements  of  human 

wrivltai.*  vanavj  >1!  .1  _  t  .  II. .  .1  .  • 
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ments  into  describing  functions  or  other  useful  functions.  The  argument  that  these  variabilities  are  related  does 
not,  of  course,  make  any  provision  for  predicting  how  variability  will  manifest  itself  in  describing  function  data. 
Therefore,  wherever  possible,  we  prefer  to  examine  describing  function  data  directly.  Much  of  the  early  and  peri¬ 
pheral  research,  however,  was  piesented  in  terms  of  power  spectra  or  magnitudes  only  of  describing  functions,  and 
we  will  present  some  of  these  more  primitive  data  in  order  to  make  our  development  more  comprehensive. 

Although,  all  of  die  early  experimenters  who  used  spectral  analysis  techniques  to  characterize  human 
operators  m  tracking  tasks  were  a  ware  of  the  basic  assumption  (i.e.,  that  the  time  series  generated  by  the  tracker 
were  stationary),  very  few  attempts  were  made  to  study  this  assumption  in  any  detail.  In  general,  the  experimenter 
made  a  small  riumbet  of  measurements  which  satisfied  him  that  the  process  was  time  stationary,  and  he  then  pro¬ 
ceeded  to  CT.:~ine  the  effects  of  other  variables.  As  a  rule  a  run  duration  ol  from  haif-a-minute  to  four  minutes  was 
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selected  as  providing  a  stationary  sample  of  behavior,  There  is,  however,  a  reference  to  work  performed  at  the 
University  of  indiatM  [5],  by  Benepe,  Narasimhan  and  Bllson,  which  is  a  rather  complete  study  of  run*tb*iun  vari¬ 
ability  in  human  Sacking  performance.  The  Indiana  experiments  examined  die  spectral  density  nf  tracking  error  in  . 
a  one  dimensieast  pursuit  tracking  situation.*  The  visual  display  consisted  of  a  1  inch  lb  6  inch  weping-iii  aya.rg#:  ^  - 
gray  panel.  The  backgroundof  the  opening  was  an  evenly  illummated-white  to-permit-eajy-phaer.yation  pf-twn-hUcii-  — — 
pointers.  The  upper  pninter  was  driven  by  a  target  generator  which  was  used  to  produce  two  lorcing  funcrioris  pf 
interest  to  us:  i,(r)  =  2  sin (y if),  the  simple  input,  and  »‘j(r)'=  ^  sinfy  i)  +  si'n(y»~,:tbe:cdSple5:it5ut;  bdtH“in-inches.  — 
The  maximum  horizontal  excursion  was  set  at  4  in.  for  both  inputs,  and  the  maximum  horizontal  excursion  of  the  sub--  — 
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ject’s  control  pointet  was  six  inches.  The  difference  between  the  control  and  forcing  function  signals  was  fed  to  a 
Brush  recorder.  Spectral  densities  of  d>gg  were  obtained  by  sampling  the  recorded  error  function  twelve  times  a 
second  for  a  total  of  450  samples,  computing  autocorrelations  for  60  lag*,  and  then  computing  the  Fourier  transforms 
of  these  autocorrelations.  Since  no  mention  is  made  of  any  smoothing  either  on  the  autocorrelation  or  the  spectral 
density,  we  must  assume  none  was  done.  As  Wiener  points  out  [Kef.  93,  pp.  36-43)  the  smoothness  of  the  spectral 
den  si  ty  4>{tu)  is  related  to  the  value  of  the  autocorrelation  tpi r)  fot  high  values  of  r,  thus  one  c an  see  that  formal 
transformation  of  an  autocorrelation  of  60  lags  may  produce  spurious  spectral  density  detail  due  tr  possible  com¬ 
putation  noise  and  other  inaccuracies  at  the  high  values  of  r.  Secondly,  raw  spectral  estimates,  as  Tukey  points 
out,  arc  not  as  accurate  estimates  of  the  process  under  measurement  as  properly  smoothed  estimates.  As  a  con- 
sec|ueiice  we  have  smoothed  the  Indiana  spectra  in  an  effort  to  obtain  better  estimates  than  those  presented  in  Ref.  5. 
The  smoothing  formula  used  was: 


4>h(<u)  -■  0.54  <J)fr^(coj)  +0.23 

where  <IW)  are  raw,  or  unsmoothed,  spectra  and  is  a  smoothed  spectmm. 

The  first  data  we  will  discuss  were  genctatrd  by  16  subjects  after  nine  practice  trials  using  the  simple 
forcing  function  input.  Two  adjacent  450  point,  (37.5  second)  samples  were  taken  from  each  record  and  the  com¬ 
puted  spectra  were  presented  in  Ref.  5.  In  order  to  determine  whether  the  test-retest  comparisons  for  the  subjects 
were  significant,  we  smoothed  the  spectra  and  computed  the  ratios  of  <I>£j  test  to  Jj££  retest  fot  the  first  seven 
points  on  the  spectrum,  which  coveted  an  8  f#d/sec  bandwidth.  The  data  presented  actually  extended  to  34  radians, 
Inst  there  was  cl  curly  no  need  to  examine  the  data  beyond  the  bandwidth  we  selected.  The  number  of  degrees  of 
freedom  were: 


2N 
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2  x  450 
60 


15. 


Each  ratio  was  distributed  as  x3/15  and  it  was  thus  possible  to  make  u  test  of  (he  significance  of  the  tcst-relesr 
comparison  for  each  of  the  seven  spectral  components  and  sixteen  subjects.  Using  a  significance  level  of  10%; 
i.e.,  a  two  tailed  y1  of  5%  on  each  tail,  10  of  the  112  ratios  were  significant.  This  is,  of  course,  what  would  be 
expected  on  the  basis  at  chance  and  indicates  chat  there  is  no  reason  lo  believe  from  the  data  available  that  the 
individual  trackers  were  not  behaving  in  a  stationary  fashion,  or  that  there  were  differences  between  subjects  in 
their  "degree  of  stationarity". 

A  similar  experiment  was  conducted  using  the  complex  forcing  function  input.  Again,  we  smoothed  the 
raw  test  and  retest  spectra,  and  examined  the  test-retest  ratios  for  significance.  A  bandwidth  of  9.2  radiaus/second 
including  8  points  pet  subject  was  examined.  Again,  examining  ratios  at  the  10%  level  of  significance,  27  out  of 
1 28  ratios  were  signiocar.'.  However.  ,id  of  these  significant  differences  were  cunulbutsd  bj  subjects  10  and  15,  so 
we  have  a  clear  individual  difference  effect.  We  can  then  conclude  that  the  human  operator  is  time  stationary  over 
the  37.5  second  samples,  and  that  individual  differences  are  more  important  as  the  task  increases  in  difficulty.  In 
Figure  118  we  have  plotted  test  and  retest  spectra  averaged  over  the  sixteen  subjects  hi  the  simple  complex  inputs. 

The  line  spectra  represent  the  difference  between  the  two  inputs  on  an  arbitrary  db  scale.  i 

p 

B 

- - -  8 

« 

•  As  a  rale,  in  rhis  report  we  have  discussed  compensatory  tracking  separately  from  pursuit  tracking.  Further  along  in  Section  § 

XI  we  will  discuss  pursuit  uniting  ia  detail.  It  was  felt,  however,  that  the  Indians  data  were  pritnsrily  of  interest  because  of  f 

(be  variability  they  studied  rather  than  sa  examples  of  pursuit  tracking,  and  therefore  they  are  presented  in  tbi*  section.  ? 

I 
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Figure  HR,  Smoothed  Ffr«r  Spectra  From  Indiana  Hata, 
( Reference  5.  Tables  V.  VI,  Kill.  XIV) 


A  "f"  test  was  used  to  determine  those  differences  for  both  simple  and  complex  inputs  between  test 
and  retest  averages  for<PK  which  were  significant  at  the  0.1  level.  The  number  of  significant  differences,  which 
was  one  tor  the  simple  and  one  for  the  complex  input,  did  not  exceed  the  number  to  be  expected  by  chance  nlone. 
The  foregoing,  together  with  the  fact  that  the  ratio  a^[t/<Pig  tor  the  <t>EE  values  averaged  over  subjects  for  each 
measurement  frequency  was  usually  Vi  or  greater,  indicates  that  a  large  residual  variance  due  to  differences  between 
subjects  made  our  measurements  incapable  of  resolving  any  detailed  differences  between  means  over  subjects. 

It  is  of  further  interest  to  note  that  the  comparison  of  the  averaged  error  spectra  between  simple  and 
complex  inputs  indicates  that  the  only  difference  between  them  is  a  constant  increase  of  2  or  3  db  in  error  power. 
There  is  no  manifestation  in  the  error  spectrum  of  the  different  spectral  content  of  the  two  input  signals.  In  order 
to  determine  whether  variability  increased  with  task  complexity,  an  F  test  was  performed  on  the  variances  about 
4*gg  for  simple  and  for  complex  inputs.  For  the  lest:  oi.  >  <ri,.  at  the  0.05  level  one  would  expect 

**  complex  ‘•••iapl* 

about  one  chance  inequality  nut  of  our  Ti  comparisons.  Actually,  5  our  of  14  inequalities  were  significant  at  the 
0.05  level  in  the  predicted  direction.  All  the  other  variance  comparisons  were  not  significant.  This  finding  indi¬ 
cates  an  interaction  between  task  complexity  and  variability  between  subjects. 

The  I'uita.iini?  interpretation  or  the  Indiana  data  is  not  the  same  as  that  expressed  in  Reference  S. 

In  a  series  of  small  scale  experiments  at  the  Franklin  Institute  [49,  50,51]  efforts  were  made  to  examine 
certain  aspects  of  the  causes  of  variability  in  the  spectra  of  tracking  time  series.  A  one  dimensional  compensatory 
tracker  was  used  for  which  the  display  was  a  cathode  ray  oscilloscope  mounted  28”  from  the  subjects  eyes.  A  pip 
on  the  CRO  executed  discrete  left  and  right  steps  in  a  fixed  horizontal  line  on  the  CRO  face.  The  subjects  task 
was  to  center  this  spot  on  a  vertical  fiducial  line  using  a  spring  restrained  joy  stick  which  had  essentially  no  dy¬ 
namic  influence  in  the  region  of  the  operator's  bandwidth.  The  programming  apparatus  for  the  forcing  function  was 
designed  to  produce  square  pulses  of  durations  which  could  vary  in  eight  discrete  steps  from  0.25  to  1.91  seconds. 

A  program  was  devised  so  that  a  total  of  20  pulse  durations  were  selected  from  a  Poisson  distribution  of  zero  cross¬ 
ings  such  that  the  average  pulse  duration  was  0.75  seconds,  whereas  the  pulse  amplitudes  were  selected  from  a 
Gaussian  distribution  of  m.cm  ,,  amplitude  of  one  centimetet  and  standard  deviation  0.25  tin.  The  pulses  were  pre¬ 
sented  alternately  left  and  right.  The  measured  spectrum  for  this  forcing  function  is  presented  in  Figure  I19a 
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b,  Franklin  Step  Input  Tracker,  The  Effect  of  Instructions, 
(Re/.  >0,  Figures  10,  13) 


. . si-. 


together  with  a  plo  t  of  the  asymptotic  value  of  this  input  spectrum.  The  experiment  in  which  we  we  interested  at¬ 
tempted  to  determine  the  effect  of  instructions  on  the  describing  function  of  the  human  tracker.  Unfortunately  only 
the  magnitudes  |  Vpl  =  |C|/|E I  were  computed.  ,  ~  -  --  --  -  .. — 

Two  male  subjects  SI  and  S2  were  used;  SI  was  a  retired  military  man  who  had  at  Jegit  thirty  years  of 
flying  experience,  and  S2  was  a  male  non-pilot  in  his  early  twenties.  The  same-program  ofstprate  pulses  Jams  pre- 
scnted  to  each  subject,  and  each  subject  was  given  intensive  training  in  the  tracking  problem.  On  the  first  day  of 
the  experiment  Si  was  instructed  as  follows:  "It  is  of  crucial  importance  to  this  study  thot  you  pay  careful  atten¬ 
tion  to  these  instructions.  Return  the  pip  to  the  vertical  line  as  accurately  as  you  can."  On  the  same  day  S2  was 
given  instructions  which  differed  from  the  foregoing  only  in  that  the  word  "rapidly”  was  substituted  for  the  word 
"accurately".  Prior  to  recording  the  three  time  functions,  i(f),  c(t),  c{rt  for  each  subject,  the  subjects  received  a 
familiarization  training  of  a  few  minutes  with  the  tracker.  Following  this  session,  the  subjects  underwent  four  train¬ 
ing  sessions  of  five  minutes  each,  separated  by  intervals  of  about  one  hour.  During  these  sessions  each  subject 
repeatedly  tracked  the  same  program  under  his  particular  instructions,  which  were  repeated  at  the  onset  of  each 
training  period.  An  hour  after  the  last  training  session  the  subject  was  once  again  given  the  appronriate  instructions 
and  presented  a  succession  of  five  20-step  programs  each  of  which  was  about  15  seconds  long.  The  signals  i(r), 
c(l ),  £•;/)  were  recorded  for  the  last  two  of  these  programs,  and  these  recorded  signals  were  considered  to  be  repre¬ 
sentative  of  a  trained  subject. 

On  the  second  day  of  the  experiment  the  same  procedure  was  adhered  to  except  that  Si  was  instructed 
to  track  for  speed  and  S2  was  instructed  to  track  for  accuracy, 

The  results  of  this  expetiment  are  shown  on  Figure  119  b.  The  two  accuracy  runs  and  the  speed  run  for 

51  provide  describing  function  magnitudes,  the  differences  between  which  are  not  detectable,  but  the  speed  run  for 

52  was  significantly  different-  from  the  other  three  runs.  F.fforts  were  made  to  fit  the  data  on  Figure  119/>  using  the 
conventional  form  of  Equation  (VI-26): 

Kc-"(7js  1 1) 

T  Tjs  + 1 

Of  course,  we  can't  put  much  faith  in  such  a  construction  of  Yp  based  on  the  amplitude  response  alone.  It  was  pos¬ 
sible  to  estimate  r  from  time  records  of  previous  data  in  this  experiment  as  0.25  to  0.3  seconds.  It  is  interesting  to 
examine  the  fits  for  insights  into  the  meaning  of  "speed”  and  "accuracy."  For  S2  "speed”  meant: 

a.  higher  dc  gain 

b.  a  shorter  integration  time  for  his  smoothing  action  implied  in  the  lag  term 

in  Yp. 

On  the  other  hand  "accuracy"  meant: 

a.  lower  dc  gain 

b.  a  smoothing  time  constant  triple  what  it  was  for  speed  tracking 

e.  the  same  lead  time  constant. 

This  is  an  eminently  reasonable  interpretation  of  the  instructions!  Si,  nowever,  proviaes  a  peooiem  since  ms  iprod 
and  "accuracy"  runs  are  not  different.  We  are  confronted  with  both  inmvtauat  mrrerences  in  performance,  which  ...-y 
be  based  on  the  order  of  performing  the  rask,  on  rhe  interpretation  of  the  instruction,  cr  perhaps  a  difference  in  per¬ 
formance  capabilities.  The  main  point  of  this  little  experiment  is  that  a  subject  can  change  his  manner  of  response 
due  to  instructions,  it  is  of  added  interest  to  nete  the  lack  of  individual  differences  when  both  subjects  interpreted 
"accurately"  the  same  way, 

Russell  was  the  first  experimenter  to  study  sources  of  variability  in  their  effect  on  the  complex  describ¬ 
ing  function.  We  will  discuss  only  h>s  examination  of  the  effects  of  instruction  and  of  physiological  changes  in  the 
tracker.  Using  the  apparatus  we  described  in  Section  V  in  a  task  for  which  =  1,  Russell  asked  a  subject  to  tty 
harder  mid  then  to  try  very  hard,  after  obtaining  his  describing  function  for  normal  effort.  On  Figure  1/0  we  present 
Bode  plots  of  these  data,  together  with  simple  fits  to  these  plots.  There  is  little  difference  between  “harder”  and 
"very  hard,”  and  it  appears  that  asking  for  increased  effort  was  interpreted  by  this  particular  subject  as  meaning 

a.  increase  dc  gain 

b.  decrease  lead 

c.  maintain  about  the  same  smoothing  time  constant. 
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Figure  120.  Russell  Simple  Tracker;  The  F.ffect  of  Instructions. 
( Reference  70.  figure  25) 
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Figure  121.  A  Physiological  Cause  of  Variability. 

( Reference  70,  Figure  26) 
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There  ate  other  means  of  changing  the  describing  function  the  tracker  selects  for  a  given  problem  besides  changes 
in  his  instructions.  His  physiological  characteristics  could  be  changed  by  stimulants  or  depressants,  Russell 
chose  to  examine  the  effects  of  a  depressant  ingested  in  two  ounce,  SO  proof,  units.  The  subject  made  a  series  of 
five,  4-ffiinuce  Hacking  runs  over  a  two  hour  period,  starting  sober,  and  consuming  two. ounces  of  -P0 -proof -whiskey—  - 
after  each  run.  At  the  end  uf  this  period  the  subject  could  walk  satisfactorily,  hut  wa$  in '^condition  whereVit.-sffjuld 
have  been  inadvisable  to  drive  a  ear.  On  Figure  121  we  see  the-before-ahd  after  results  ofrtHls^npblc- experiment.-'  " 
We  note  that  the  subject’s  gain  decreases  and  that  his  ability  to  generate  lead  deterioratestenfold.Th*  implica¬ 
tions  for  future  research  are  clear.  It  should  be  possible  to  design  automobiles  so  that  their  effective  controlled 
element  could  compensate  for  the  drunken  driver's  deficiencies.  Thus  a  sensor  on  the  dashboard  operating  on  “he 
alcoholic  concentration  of  the  air  could  adjust  the  gain  and  phase  of  F,  so  that  good  system  performance  might  be 
maintained  despite  the  deterioration  of  >j, .  Before  such  a  venture  could  be  considered  seriously,  a  large  scale 
measurement  of  the  describing  functions  of  the  populstion  of  motorists  would  be  needed.  The  prospects  are  intoxi¬ 
cating. 

Elkind  made  a  thorough  study  of  both  individual  differences  and  time  effects  on  describing  functions 
in  the  following  experiment  performed  with  his  apparatus  previously  described  in  Section  V. 

As  described  in  [23]: 

Three  subjects  tracked  in  a  compensatory  system  four  identical  groups  of  input  signals,  eneh  group 
containing  three  members.  These  subjects  had  previously  trained  by  tracking  thirty  4  minute  runs  ovet  a  period  of 
a  week.  The  time  that  elapsed  between  presentations  of  the  groups  was  the  chief  variable,  being  one  hour,  4  hours 
and  4  days.  The  interval  between  presentations  of  the  individual  of  a  group  v.-as  only  a  few  minutes.  This  proce¬ 
dure  made  it  possible  to  examine  both  long-time  and  short-time  variations  in  the  operator’s  characteristics.  The 
input  had  a  rectangular  spectrum  with  cutoff  frequency  of  0.64  cos  and  1  inch  font-mean-sqnare  amplitude.  The 
three  input  signals  of  a  group  were  identical  in  all  tespects. 

Figures  122  and  123  present  part  of  the  results  of  this  experiment.  Figure  122  was  obtained  by  aver¬ 
aging  over  subjects  and  over  the  three  replications  in  each  group.  Therefore  each  point  represents,  save  for  one 
minor  exception,  the  average  of  9  quantities.  The  long-time  variations  in  subject  performance  are  given  by  the  dif¬ 
ferences  in  the  group  means  in  Figure  122.  In  Figure  123  the  averages  a-e  over  replications  and  groups  and  the 
differences  are  due  to  variations  among  subject  means.  The  standard  deviations  from  the  magnitude  and  phase  are 
shown  on  Figures  122  and  123  about  the  means  for  the  quantity  at  the  following  frequencies  0.0b,  0.32,  and  0.60 
cycles/secnnd.  Inspection  of  the  Figures  122  and  1 23  indicates  that  the  differences  between  the  averages  are  small. 
The  standard  deviarten  in  <r™niti,,ln  i.-  -hunt  ?  -  -f  *hc.  mean,  ami  the  standard  deviation  in  phase  is  about  3°. 

Analyses  of  variance  were  performed  on  the  real  and  imaginary  parts  of  the  closed  loop  describing  function  H(J\  and 
at  the  three  frequencies  for  which  the  standard  deviations  were  shown.  There  were  no  significant  differences  at  the 
0.01  level  for  the  compensatory  runs.  At  the  0.03  level  of  significance  the  differences  among  subjects  at  0.08  cps 
and  0.32  cps  for  the  imaginary  part  of  H  were  significant,  and  three  subjects  and  group  interactions  were  significant. 
The  interactions  of  subjects  and  groups  could  be  an  artefact  due  to  equipment  inaccuracies  since  each  group  of  runs 
was  performed  as  a  unit.  Assuming  such  inaccuracies  were  random,  they  could  cause  the  3  significant  interactions 
found  between  subjects  and  groups.  The  two  significant  subject  mean  differences  would  be  expected  by  chance  for 
34  F  ratios  at  a  significance  level  of  0.03.  It  is  important  to  note  that  the  lack  of  significant  differences  does  not 
result  from  a  large  residual  variance  attributable  to  experimental  variables  which  could  obscure  large  variations  in 
operator  characteristics.  The  fact  that  the  individual  standard  deviations  in  Figures  122  to  123  are  small  indicates 
that  the  residuals  arm  moH.  Thus  Elkind’c  data  provide  the  final  a,guimr><i  against  the  importance  of  either  time 
variation  between  runs  or  differences  among  trained  subjects  for  simple  Hacking  tasks. 

As  an  interesting  aside  to  the  main  line  of  his  study,  Elkind  demonstrated  the  human  operator’s  ability 
to  vary  his  tracking  parameters  as  a  function  of  instructions  or  set  to  respond.  One  subject,  in  a  different  series  of 
tests  ftom  the  one  just  described,  believed  that  he  could  improve  his  pursuit  tracking  of  input  F-l  (see  Fig.  27)  if  he 
wete  to  consciously  attempt  to  smooth  out  his  high  frequency  output.  Input  F-l  is  phenomenally  a  low  frequency  ran¬ 
dom  signal  with  a  superimposed  high  frequency  noise.  This  subject  tracked  F-l  using  two  different  tactics:  his  noi¬ 
re"!  mode  in  which  he  attempted  to  follow  ail  the  input  fluctuating,  and  a  filtered  mode  in  which  lie  concentrated  on 
the  !"»  frequency  components  and  attempted  to  suppress  the  bigbs.  Closed  loop  describing  functions  were  computed 
and  these  showed  a  very  slight  increase  in  low  frequency  gain  at  the  expense  of  a  phase  retardation  of  about  40° 
be-  c.-.n  rhe  input  sienal’s  bandwidth.  Th»  mean  square  errots  for  both  tactics  were  essentially  equal,  but  were 
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yc4=  I  this  situation  might  not  have  obtained.  The  comparison  provides  added  evidence  that  the  operator’s  set  to 
...cpr.n.1  inrnri-.petatior'  o?  incf rijetiotts  provides  »  source  of  varlabi! it y  since  the  operator  has  seme  centra!  over 
his  time  constants. 

The  studies  in  this  sub-section  have  demonstrated  that  variability,  in  tracking  tasks  without  controlled 
element  dynamics,  is  dependent  on  both  the  task  and  the  degree  of  subject  training.  Both  the  Elkind  and  Indiana 
data  point  this  up,  Huwever,  in  both  cases,  the  imposition  of  a  well  defined  task  goal  appears  to  diminish  the 
variability  among  subjects  as  compared  with  a  simple  tapping  task.  For  example,  compare  the  chance  level  of 
significant  individuals  rest  to  rerest  ratios  of  spectra  for  the  Indiana  data  with  the  well  above  chance  level  lor  the 
Abels.-  •  iatiuj,  fu  indi. Munis.  Tlie.c  dots  not  appear  to  be  any  significant  amount  of  variability 

assignable  to  time  effects  in  simple  tracking  tasks.  The  parameters  of  the  human  describing  function  are  functions 
of  instructions  and  the  physiological  condition  of  the  tracker. 
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A  ;  Subject  A 
Subject  1 
SubjectC 


Figure  123  {Continued ), 


D.  VARIABILITY  IN  COMPENSATORY  TRACKING  SYSTEMS  WITH  DYNAMICS 

The  data  on  variability  in  control  systems  with  dynamics  are  not  as  well  defined  as  the  Elkind  data 
presented  in  the  preceding  sub-section.  This  unfortunate  circumstance  is  due  to  the  'arge  amount  of  residual  vari¬ 
ability  associated  with  the  presently  available  measurements.  In  Section  VI,  Figures  96  to  9?  u.-’d  JOd  -o  !07,  -s 
have  previously  presented  data  which  indicate  the  extent  of  variability  both  within  and  among  subjects.  However, 
as  we  cautioned  at  the  time,  there  were  many  confounding  effects  associated  with  the  averages  such  as,  amplitude, 
time  order  effects  and  measurement  fallibility,  ffe  arc,  therefore,  reluctant  t"  attempt  to  draw  any  strong  conclusions 
from  these  data. 

It  is,  however,  of  some  interest  to  present  some  data  taken  from  one  subject  in  an  experiment  which 
attempted  to  determine  the  effects  of  "tracking  fatigue”.  The  procedure  was  as  roilows.  The  subject,  e  trained 


1*1 
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Air  Force  jet  pilot,  had  tracked  SO  or  60  runs  in  the  Franklin  F-8Q  simulator  over  a  period  of  six  hours  with  various 
forcing  function  band  widths  and  rms  amplitudes.  The  experimental  problem  was  to  track  continuously  for  ten  min¬ 
utes  for  each  of  several  input  forcing  functions.  Adequate  rest  periods  were  used  between  these  ter,  minute  hours,  - 
During  the  course  of  this  continuous  tracking  two  minute  .samples  of  the  pilot’s  describing  function  data  were  re¬ 
corded.  We  have  reproduced  the  results  of  the  first  and  last  two  minute  intervals  for  a  forcing  function  cutoff  frc« 
quenev  of  2  radians.  Figures  124a,  k.  c,  d  are  for  an  rms  forcing  function  amplitude  of  0.3  inches  on  the  CRCI  face, 

and  Figures  125a, i,  c,  and  d  are  for  an  rms  amplitude  of  0,8  inches.  Although  this  experiment  was  performed  on - 

ocher  subjects,  much  data  had  to  be  discarded  due  to  computation  difficulties,  so  too  few  first  and  last  run  pairs 
were  available  to  make  averaging  over  subjects  meaningful.  In  as  far  as  subject  P-6’s  describing  functions  and  p 
measures  are  typical  of  the  sample  of  pilots  studied,  Figures  1 24  and  125  are  representatives  cf  "tracking  fatigue" 
effects  on  Yp  and  on  relative  and 


It  will  be  noted  that  there  was  no  attempt  made  to  fit  Yp  {or  longitudinal  control  in  either  Figures  124b 
or  125b.  The  reason  for  this  is  nor  that  we  didn’t  try;  we  just  weren’t  successful  with  any  simple  fit  to  the  data. 
Furthermore,  although  the  data  points  are  presented  up  to  4.8  radian/second,  the  reader  should  not  put  much  weight 
on  data  beyond  4  radian/second,  llxcept  fot  the  differences  in  error  spectra  between  first  and  last  runs  lor  the  0.3 
inch  rms  amplitude  forcing  function,  which  are  hart' I V  significant  for  a  few  frequency  hands  at  rtie  0.1  level,  and  a 
few  differences  in  Yp,  there  is  no  strong  effect  due  to  "tracking  fatigue”.  The  two  different  fits  to  the  Yp  data  in 
Figure  125a  are  not  based  on  firm  statistical  ground,  and  their  weak  reason  for  being  is  a  search  for  trends.  The 
conclusion  to  be  drawn  from  these  data  is  that  our  measures  were  not  sufficiently  sensitive  to  discriminate  "track¬ 
ing  fatigue",  or  that  such  an  effect  does  not  occur  foi  the  conditions  we  studied. 


It  is  of  interest  to  examine  the  data  summarized  in  Figures  96  through  99,  and  Figures  104  through  107. 
One  can  compute  the  variances  associated  with  the  computed  quantities  lY^I,  ZYp,  und  p  for  each  of  the  six  pilots, 
and  then  determine  whether  me  demands  of  the  tracking  task,  as  indicated  by  cocu  and  the  moJc  of  control,  influences 
the  sj?e  of  the  variance  for  the  various  «»noririoa.  One  might  expect  that,  ne  rhe  task  becomes  more  demanding,  the 
range  of  possible  Vp available  to  the  pilot  would  become  more  restricted  since  failure  to  generate  the  proper  K’s 
means  the  pilul-aircraft  combination  is  effectively  "dead".  Consequently,  a  decrease  in  Yp  variance  might  be  ex¬ 
pected  as  ujcu  succes-.lvely  assumes  rite  values  1,2,  and  4  tadiuns/second.  Since  lateral  control  is  mnre  demanding 
than  longitudinal  control,  one  would  further  expect  that  this  hypothesized  trend  would  be  mure  pronounced  in  lateral 
control.  There  is,  however,  no  such  influence  toward  greater  uniformity  operating  on  p.  In  fact,  one  might  argue 
that  as  the  task  became  more  demanding  p,  which  is  characteristic  of  individual  behavior  unrestricted  by  controlled 
element  constraints,  might  show  increased  dispersion. 

For  each  of  six  pilots,  the  variances  for  |V),I,  / Yp ,  and  p  for  longitudinal  and  lateral  control  and  for 
each  of  the  6  measured  frequency  bands  were  computed  for  =  1  and  ?,  An  r‘  test  was  applied  to  variance  ratios 
which  differed  only  with  respect  to  the  forcing  function  input  bandwidth.  Table  11  presents  results  of  a  two  sided 
lT  test  at  the  0.10  level  of  significance  for  |V,,I.  /Y„.  and  o  for  variance  ratios  noi  eoual  to  unb»  TV...-  .c.  "in¬ 
equality"  hypothesis,  in  either  direction,  is  significant  at  the  0,05  level. 

In  Table  11  the  notation  2>1  means  crico  =  j>  q*  at  the  0.05  level.  We  can  make  the  following 
inferences  from  Table  11,  which  describes  Y?  variances. 

(a)  There  are  strong  individual  difference  trends  which  are  not  comm-  -  !’.'p!  _..2  l\'r. 

(b)  The  fraction  of  ilpl  table  entries  for  which  2>1  is  0.055,  and  for  1>2  this  fraction  is  0.155. 

A  valur  nf  0.05  WonM  tv  f»ytvrff*H  hv  rlionri*  fw  »arti  inHjvtriiial  |rar»trtn_ 

(c)  The  fraction  of  Z Yp  table  entries  for  which  2>1  is  0.083,  and  for  1>2  this  fraction  is  0.22. 

As  before  0.05  would  be  expected  by  chance  for  each  individual  fraction. 

(d)  The  control  mode  does  not  appear  to  have  much  effect. 


In  Table  11  wc  also  present  the  significant  variance  inequalities  for  p.  Here  we  note: 

(a)  There  are  strong  individual  differences. 

(b)  There  is  no  strong  effect  due  to  control  mode. 
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a.  Yp  Measured  in  a  Ten  Minute  Tracking 
Fatigue  Teat;  Lateral  Control  (d-  0.8  in. 
ruis). 

"Best  Fit'  Operotor  Transfer  Function: 

_  Q.3g*0'al*(»/O.S  4  I) 

f  =  (s/25  + 1)  (s/10  i  I) 

_____  y  0.04e~0,,>*(s/0.06+ 1) 

"  =  (s/3  +  l)(s/10  +  l) 

Subject  P*o 

x  First  Two  Minutes 
□  Lost  Two  Minutes 

«co  -  2  rod/sec 
d  -  0.  8  in.  tins 


b.  Yp  Measured  in  a  Ten  Minute  Tracking 
Fatigue  Test;  Longitudinal  Control  [d=  0.8 


"Hmnm**  ■ 


Table  U.  Significant  Variance  Inequalities  for  Sis  Pilots. 


PILOT 

CONTROL 

IVpl 

P 

MODE 

u 

(rad/sec  } 

w  (iau/acc) 

u  (rad/scc) 

0.6 

1.2 

1.8 

2.4 

3.0 

3.6 

0,6 

u 

1.6 

2.4 

3.0 

3.6 

0.6 

1.2  1.8 

2.4  3.0 

3.6 

LONGITUDINAL . 

1>2 

1>2 

1>2 

1>2 

1*2 

.... 

. . 

.... 

LATERAL . 

.... 

.... 

.... 

.... 

.... 

.... 

t>2 

1>2 

1>2 

.... 

2>1 

....  2>1 

. 

.... 

LONGITUDINAL . 

1>2 

2>1 

F-2 

LATERAL . 

.... 

.... 

.... 

!>2 

2>1 

2>1 

2>1 

1*2 

1>2 

2>1 

.... 

2>1  .... 

....  .... 

P  3 

LONGITUDINAL . 

2>1 

.... 

.... 

.... 

.... 

.... 

1>2 

.... 

2>l 

2>1  .... 

. . 

LATERAL . 

.... 

.... 

.... 

1  >2 

.... 

.... 

.... 

.... 

. 

LONGITUDINAL . 

1*2 

.... 

.... 

.... 

2>1 

.... 

.... 

1*2 

r-4 

LATERAL . 

.... 

1*2 

1*2 

2*1 

1*2 

1*2 

. 

....  2*1 

2>1 

P-5 

LONGITUDINAL . 

.... 

i>2 

1>2 

.... 

.... 

.... 

1>2 

1>2 

2>1  2>1 

....  2>1 

2*1 

LATERAL . 

.... 

.... 

1*2 

1.-7 

.... 

1>2 

.... 

1*2 

7*1  2*1 

2.  1  AAl 

LONGITUDINAL . 

.... 

.... 

.... 

.... 

1>2 

1*2 

LATERAL . 

2>1 

.... 

.... 

.... 

.... 

2>l 

2*1  .... 

....  2>l 

2*1 

COMPUTED 

VAMARLE 


Table  12.  Significant  Variance  Inequalities  for  Pilot  Averages. 


CONTROL 

MODF 


m  (rad/:;ec) 


0.6  1.2  1.8  2.4  3.0 


3.6 


LONGITUDINAL .  1  >2  ,  1  >4  I  >2  ,  1  >4  1><1,1>2 

y„l 

LATERAL .  4>1,4>2  4>1,4>2  1>2  1>2  1>2  4  A 

LONGITUDINAL .  1  >4  .  1  >2  i>2>4  I  >2">4  1>4,2>4  I>4,2>4 

'v 

LATERAL .  1>2,4>2  1>2  ,  1>4  .  I  >4  ,  2>4 

LONGITUDINAL .  2  >1  . 

lateral .  4  >1 , 2  >i  4>I,2>1  4  >1  ,  2  >1  2>1,2>4  4  >1  ,  2  >1 


(e)  The  fraction  of  p  table  entries  for  which  1>2  is  0.041  and  for  2>1  this  fraction  is  0.26,  As  before 
0.05  would  be  expected  by  chance  for  each  fraction. 

Thus  the  d  .ection  of  trends  is  what  we  would  have  expected  from  our  rather  vague  hypothesis. 

In  Table  12  we  present  significant  variance  inequalities,  at  the  0.05  level  as  before,  fot  over-all  aver¬ 
ages  for  pilots.  In  averaging  over  pilots  we  can  include  £uco=  4  runs,  so  that  inequalities  related  to  =  4  can  be 
presented  in  Table  12.  From  Table  12  we  note  that  'he  trends  of  Table  11  are  maintained  by  the  inclusion  of 
ur0.  4.  Seven  of  the  variance  inequalities  shown  are  in  a  different  direction  from  what  our  hypothesis  on  the  ef¬ 
fects  of  t,i4ij  on  variability  would  ptedict,  but  five  of  these  inequalities  would  be  expected  on  the  basis  of  chance 
alone. 

v'c  cun  make  the  following  conclusions  on  the  variability  exhibited  by  human  operators  in  compensatory 
tracking  tasks  with  dynamics: 


.  i 
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(a)  Time  effects,  be  they  over  long  or  short  intervals,  are  of  relatively  little  importance* 

(b)  There  are  strong  individual  differences  in  the  variance  inequalities  for  different  forcing  function 
bandwidths, 

(e)  The  variability  of  the  describing  function,  Yp ,  appears  to  be  inversely  proportional  to  "task  demands", 
(d)  The  variability  of  the  linear  correlation,  p,  appears  to  be  directly  proportional  to  "task  demands”. 
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Section  VIII 

NONLINEAR  MODELS  OF  HUMAN  OPERATORS  IN  COMPENSATORY  TASKS 

A,  INTRODUCTION  ~  7.'^  v 

From  the  preceeding  sections  the  bases  of  a  fairly  reasonable  linear  theory  of  the  human  operator  can 
be  hypothesized  from  the  limited  data  of  various  restricted  experiments.  As  pointed  oat  in  Sections  V  arid  VI, 'the 
operator  in  simple  continuous  control  tasks  with  visual  inputs,  and  motion  or  force  outputs,  will  net  like  n  servo 
element  having  an  input -output  relationship  of  the  form 

Cijoj)  -.1-  Y(/<u;  t)  +  N'c{jhj)  (VIII  1) 

where  N'e(jai)  is  a  smnli  remnant  which  does  not  include  any  time-vuiying  or  other  "linear'1  phenomena.  An  alternate 
representation  can  be  used  where  the  remnant,  now  denoted  Nc(/tu),  is  considered  to  contain  all  the  operator  power 
which  is  not  linearly  coherent  with  the  toning  function,  i.e., 

C(jco)  ---  Y(/ro)/?(/w)  i  NJLja)  (VIII- 2) 

V  may  be  considered  to  be  a  describing  function  of  an  adaptive,  optimalizing  servo  of  relatively  restricted  form.  The 
word  "adaptive"  refers  to  the  operator's  ability  to  adjust  die  form  of  his  describing  function  (within  fnirly  well  de¬ 
fined  limits  and  as  a  function  of  input  predictability)  to  one  required  for  good  low  frequency  response  and  marginal 
high  frequency  stability  of  the  operator-controlled  element  system.  The  word  "optimalizing"  refers  to  his  ability  to 
adjust  some  of  his  describing  function  "constants”,  as  functions  of  the  forcing  function  and  controlled  element,  to 
values  tending  to  optimize  (lie  system  response. 

The  remnant  term  has  been  fairly  well  "explained”  in  previous  sections  ns  the  result  of  cither  noise 
injected  by  the  operator  ar  his  output  or  his  nonrteady  behavio-,  These  e»plnn»rions  have  largely  ignored  the  slight 
nonlinearifies  shown  robe  present  by  the  data,  and  further,  have  sr-as-.e,-!  a  mode)  which  i«  correct  in  the  statistical 
sense  rather  than  one  deliberately  designed  to  give  a  noint-by-poinl  mutch  of  actual  human  and  mode!  output  data.  It 
should  also  be  emphasized  that  borh  models  have  really  been  derived  in  an  attempt  to  match  data  rather  than  on  a 
completely  a  priori  basis. 

While  the  overall  linear  models  are  reasonably  satisfying  and  usable,  particularly  for  stability  and  over¬ 
all  performance  studies,  an  equivalent  nonlinear  model  would  be  of  great  value  for  detailed  uyytcm  response  predic¬ 
tions  and  for  studies  including  die  effects  of  nonlinear  controls.  Such  u  model  should  be  consistent  with  the  linear 
models,  should  help  explain  the  remnant  term,  and  should  assist  in  better  visualization  of  the  mechanisms  involved 
in  human  response.  Just  such  non  I  i.. ear  studies  have  been  carried  out  by  Maync  and  Mead  and  their  associates  at 
Goodyear  Aircraft  wi.h  very  interesting  and  instructive  results. 

f::c  basic  approach  in  all  of  the  Goodyear  studies  involved  the  use  of  analog  computer  elements  to 
simulate  a  pilot,  actual  pilots  in  various  mockups,  and  an  analog  computer  representation  of  the  longitudinal  or  la¬ 
teral  dynamics  of  an  airframe.  Either  the  pilot  or  the  "analog  pilot”  could  be  placed  in  control  of  the  simulated 
airframe  at  the  cotion  of  the  investigator.  The  "analog  pilot"  elements  were  varied  until  the  airframe-" analog  pilot" 
responses  to  known  complex  inputs  weie  very  similar  to  those  of  the  airframe-pilot  combination.  In  many  instances 
the  analog  pilot  was  such  a  good  simulation  tl.it  control  by  '-be  actual  and  analog  pilots  could  be  interchanged  for 
fairly  extended  periods  (30  sec  or  so)  without  the  actual  pilot's  knowledge. 

The  Goodyear  studies  utilized  this  fundamental  approach  in  several  types  of  experimental  setups,  en¬ 
compassing  such  variations  as  stationary  and  moving  (pitching  or  rolling)  mockups,  different  forcing  functions,  and 
different  artificial  feel  forces  for  the  pilot.  These  studies  shall  be  summarized  in  chronological  order  below. 

B.  GOODYEAR  STATIONARY  MOCKUP  STUDY 

In  the  first  study,  (Ref.  33)  the  pilot  was  seated  in  a  stationary  chair  and  operated  a  control  stick  pro¬ 
vided  with  a  simple  spring  feel.  An  oscilloscope  resembling  ar.  artificial  horizon  was  u;?ed  to  present  an  error  signal 
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to  the  pilot.  This  error  signal  was  formed  by  subtracting  the  pitch  angle  due  to  the  pilots’  elevator  deflection  froin  a 
forcing  function.  The  forcing  function,  i(t ),  was  made  up  of  four  complex  waves  as  shown  in  Figure 126. 


"1A. 


JL 


(2) 

-•W'l 

0). 


The  autocortelation  functi«  1  cettusponding  approximately  to  this 
forcing  function  is 


-in _ n 


(4) 


JL 


ffu'r)  ~  e~°’1!7cos(0.35rrr) 
which  is  equivalent  to  a  spectral  density  of 


(VIIM) 


Figure  12b.  Forcing  Function 
Used  in  First  Goodyear  Study. 


$„ie)  =  4  j^Rir)  cos  {cot)  dr 

~  1 1 

[aJ+ (<un  +  <u)il(aJ  +  («„- w)Jl  J  ^1114) 


Very  roughly  this  is  similar  to  that  forcing  function  used  in  the  Franklin  Institute  studies  having  a  l  andpass  of  about 
two  rad/sec. 

The  simulated  airframe  portion  of  the  controlled  element  transfer  function  used  was  t-<|"iv»l»nr  to  rh«t  of 
a  very  well  damped  airframe  pitching  oscillation  at  a  constant  forward  speed,  with  a  pitch  angle/elevator  transfer 
function*  of 

2.0 10.73 s  +  1)  2.0(0/735  el)  _  2,°|l737  '  l| 

s[0.24sJ  i  s  +  U  '  5(0.65  +  1)(6.4s  i-  1) 


u 


(VII.I-5) 


Lil 


M. 

F-‘ 

H 

■ 
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An  additional  portion  of  the  Controlled  element  was  n  A0  inch  simulated  airrr'f,  control  srjrh  o/jth  travel  limit’-:  of 
1 18  degrees.  Control  feel  was  simulated  by  spring  loading  the  stick  to  produce  a  spring  gradient  of  1.67  pounds/ 
degree.  The  dynamics  of  the  stick  system  were  presumably  negligible  relative  to  those  of  the  airframe  at  the  low 
frequencies  of  interest. 

The  subjects  for  most  of  the  tests  considered  here  were  drawn  from  a  group  of  si*  military  reservist 
pilots.  While  all  had  fighter  aircraft  craining,  the  piloting  experience  level  included  little  jet  aircraft  time  and  that 
was  confined  to  the  T-33  trainer. 

All  of  the  subjects  were  allowed  to  practice  for  a  time  sufficient  to  develop  a  uniform  and  effective  re¬ 
sponse  motion.  This  requited  just  a  few  minutes  for  the  pilot  subjects.  (Out  aon-pilot  was  also  tested  thoroughly, 
icquii ing  about  20  hours  of  mockup  practice  before  achieving  a  ievei  of  proficiency  comparable  to  that  of  the  pilots.). 
The  actual  runs  on  individual  pilots  during  which  data  wc re  taken  lasted  for  30  minutes. 

In  the  portions  of  rise  study  directly  applicable  to  the  process  of  obtaining  a  pilot  analog,,  Goodyea.r 
servo  engineers  started  by  examining  pilot  input  and  output  data  as  recorded  on  an  oscillograph,  "her,,  tubing  uito 
account  what  was  known  or  suspected  about  the  physiological  makeup  of  the  human  controller,  an  analog  computer 
circuit  was  constructed  which  could  yield  output  results  similar  to  those  obtained  with  actual  operators  in  the  same 
situation.  The  differences  between  human  and  analog  outputs  for  identical  forcing  functions  were  then  used  as  clues 
for  refinement  of  the  analog.  The  refinement  process  was  carried  on  to  the  point  where  the  pilot  could  not  detect  the 
substitution,  into  the  control  loop,  of  the  analog  for  himself  for  fairly  long  time  periods  of  the  order  of  a  minute. 

As  a  result  of  preliminary  tests  with  human  operators,  it  was  decided  that  the  analog  pilot  should  in¬ 
clude  the  following  characteristics: 

(1)  Rote  Judgment  —  To  control  adequately  the  longitudinal  motions  the  pilot  should  utilize  the  pitch  error 
and  generate  a  lead;  or  alternately,  should  utilize  signals  proportional  to  both  the  pitch  error  and 
the  rate  of  change  of  pitch  error.  Viewed  externally  these  two  possibilities  amount  to  the  same 


•  In  another  part  of  the  referenced  report  a  namder  function  for  the  airframe  of  - 
one  given  above,  however,  was  that  set  ap  for  the  operator  studies. 


1,97  (0.73 «  *  I) 

*  [(0.24s)zt  0.24  j  1  l] 


was  cited. 
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thing.  From  a  psychological  standpoint,  however,  they  ate  drastically  different.  The  firs^  (lead 
generation)  implies  that  the  operator  perceives  only  the  position  of  the  dot  on  the  scope-'and  . gen¬ 
erates  the  lead  equalization  in  the  central  nervous  system.  The  second,  for  whichthefeis  more 
ovidcncc,  implies  the  viaua!  perception  of  both  the  dot  position  and  the  dot  velocity,  with. subse¬ 
quent  summing  of  quantities  ptopoitional  to  each  signal.  The  precise  nature  of  the  human  Is 
mechanization  of  the  lead  function  is  beyond  the  scope  of  this  report,  and  eithet  possibility  is"" 
considered  here  to  fall  into  the  general  category  of  "equalizing  behavior." . 

(2)  Reaction  Tima  Delay  —  Since  the  forcing  function  is  random-appearing  a  reaction  time  delay  should  al¬ 

ways  be  present. 

(3)  Rate  Thre  sheld  —  It  was  noted  that  pitch  rate  errors  greatly  in  excess  of  the  threshold  of  perception  for 

visual  morion  were  deliberately  neglected  by  the  pilot.  This  can  be  considered  to  be  a  threshold 
of  indifference, 

(4)  Clamping  —  Once  a  correction  was  made  the  pilots  tended  to  "clomp"  to  this  deflection  until  the  pitch 

error  approached  zero. 

(5)  Nauromuacular  Lag  —  This  lag  is  essentially  an  approximation  to  that  contained  in  the  transfer  function 

for  the  dynamic  portion  of  the  response  to  a  step  input. 

After  approximating  these  quantities  in  the  "pilot  analog”,  and  suitably  adjusting  the  parameters,  it 
was  found  that  close  agreement  was  obtained  between  analog  pilot  response  and  actual  pilot  response,  e.g.,  higitre 
127. 


The  computer  schematic  containing  the  "pilot  analog"  is  shown  in  Figure  128.  It  should  he  noted  that 
:,omc  liberties  have  ocon  taken  for  expediency  in  the  setup,  e.g.,  the  "clamp”  is  replaced  hy  a  simple  limiter  (since 
the  vpii.ttuio  :.uJcd  to  clamp  at  about  die  same  value  of  stick  deflection),  and  the  reaction  time  delay  is  approxi¬ 
mated  as  is  the  tiewumusculur  lag.  Insufficient  information  is  given  in  Reference  33  to  enable  computation  of  the 
values  of  the  nonlinearities  from  the  computer  setup.  Some  misprints  ute  present  in  the  referenced  report,  so  the 
schematic  given  in  Figure  128  tcflccts  u  few  additions  and  interpretations  by  die  authors.  These  are  starred  on  the 
computer  diagram  shown. 


The  nonlinear  transfer  characteristic  simulated  can  he 
describing  function  concept)  by 


1 1-  0,52 s  i  0.0022 sM  j  „ 

|!  i  0.52s  i  0.0022.?’/ |  0. 


Kf>s 

T~l 


expressed  symbolically  (raking  liberties  with  the 

!  Tl(?l  II u£) I!  m"-a 


REACTION 
TIME  DELAY 
A  P  P  SOX  1  MAT  ION 


PILOT  RATE  JUDGMENT  RATE  LIMITING 

DISPLACEMENT  INDIFFERENCE 

SIGNAL  wLl)ROMU$CU!.*l!  XHBE5I|OU) 

LAG 


A  close  linear  equivalent  to  this  characteristic  would  be  (with  typical  values  obtained  from  analysis  of 
the  computer  wiring  diagram) 


Ke"_I(/jrs  r  l) 
l~HS  +  i) 


rtmi-7? 


where  typically  K  =  0.425 
r  «  .25 
7jv  =  .1877 
Tl  -  3.53 
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Figure  127.  Record  <>f  Forcing  Function  and  Responses  from  Both  a  Pilot  and  the  Analog  Film  a!  T 

( Reference  33) 

Si 
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Figure  128.  Goodyear  "Stationary  Moclcup”  Study,  Computer  Representation 


of  Human  Operator  and  Controlled  Eletnenr, 
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From  the  fata  of  Eq.  (Vni-7)  it  is  apparent  that  a  great  deal  of  similarity  exists  between  this  linear  approximation 
and  the  linear  models  advanced  in  Section  VI  for  similar  tasks.  This  linearised  approximation  is  plotted,  in  conr 
junction  with  the  cootrolled  element  transfer  &  action,  on  Fig,  129.  Ihe  complete  open-loop  Bode  plot  exhibits  the 
same  low  phase  mstginconditions  (close  to  zstp),  previously  noted  f«  some  of  the  linearised  operator  data  ofUlkindi 
Tustin,  Franklin  and  Russell.  T  -r~  - 


to  frW/sael 


Figure  129.  Equivalent  Open  Loop  Bode  Plot  of  Goodyear  Computer  Set-up,  for  the  Stationary  Moclcup. 


An  interesting  point  is  the  absence  of  a  low  frequency  lag  term  in  Eq.  (VIU-7).  (It  will  be  recalled  that 
Tus tin’s  data,  with  a  similar  controlled  element  but  different  forcing  function  bandwidth,  showed  a  low  frequency 
he  term.)  If  gain  crossover  had  occurred  at  a  lower  frequency  (reduced  open  loop  gain)  the  low  Frequency  lag  term 
would  nave  been  adiniatmutc  wiiLuui  instability,  and  the  low  frequency  system  rcspcr.sc  weald  have  beer,  improved. 
The  reduced  loop  gain  would,  of  course,  cause  a  deterioration  of  the  high  frequency  response. 


In  many  ways  these  Goodyear  data  are  directly  comparable  with  the  Franklin  elevator  tests.  The  ef¬ 
fective  forcing  function  bandwidth  was  of  the  order  of  2  rad/sec,  and  the  controlled  element  characteristics  were 
similnr.  The  operator  transfer  function  forms  are  identical,  and  the  numerical  value  of  r  is  essentially  the  same  in 
both  cases.  The  Tj  values  are,  of  course,  different  because  of  the  detailed  controlled  dement  differences, 


All  of  this  strengthens  the  pretiously  observed  fact  that  the  presence  of  the  low  frequency  lag  term  is 
a  function  of  controlled  element  and  forcing  function  characteristics.  It  is  also  a  further  indication  that  the  opera¬ 
tor  adjusts  his  transfer  function  in  much  the  same  way  as  a  servo  designer  would  adjust  a  similar  fixed-form  equal¬ 
izer  for  a  given  system  Use. 
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Another  interesting  subjecLraised  hy  the  non-linear  simulator  representation  ef  the  pihaJs  the passible 
insight  into  the  causes  and  form  of  the  remnant  term  of  the  linear  mode.  With  the  operator  tufaiog,  ias  consftii&fei, 
the  only  sources  of  the  remnant  term  considered  ate  the  nonlinear  transfer  characteristics.  Roth  nonsteadyhciiiivior 
and  pilot  injected  noise  have  been  eliminated  from  the  outset.  Because  of  the  relatively  low  (.5-. TJdipa'K'cofrela- 
tions  chained  by  Fianklin  on  a  similar  task  (elevator  with  ?  rad/sec  forcing  function),  one  would  be  inclined  to 
think  that  an  important  discrepancy  in  results  was  present.  The  inclination  is  strengthened  whers.-t  is  realized  that 
the  non  linearities  of  the  Goodyear  analog  could  hardly  account  for  JOB  or  mote  of  the  output  power.  While  it  is  dif¬ 
ficult  to  resolve  this  problem  because  of  the  limited  amount  of  data  presented  by  Goodyear  in  their  first  study  (Fjg. 
127  contains  the  only  traces  in  Ref.  33),  it  should  be  noted  that 

(1)  The  analog  of  Reference  33  required  a  considerable  number  of  changes  in 
later  work  to  match  trained  jet  pilots. 

(2)  The  time  imervals  during. which  a  particular  analog  configuration  matched 
the  actual  operator's  output  were  jWuably  fairly  short,  e.g.,  only  6  seconds  of 
data  are  shown  in  Fig.  127. 

Since  the  mere  extensive  modified  analog  data  presented  later  compares  more  favorably  with  the  data  from  linearized 
measurements,  it  is  probably  not  reasonable  to  say  that  the  data  from  this  first  Goodyear  study  and  the  Franklin 
data  are  inconsistent  on  this  point.  Goodyear's  ability  to  achieve  a  fairly  reasonable  and  adequate  pilot  simulation 
for  short  time  intervals  using  only  transfer  element?  and  a  mild  nonlinearity  is,  however,  a  point  in  support  of  the 
nonstendy  behavior  model  over  that  of  noise  injection.  Indeed,  probably  the  best  way  to  check  experimentally  the 
nonsteady  versus  noise  injection  hypothesis  is  a  real-time  simulation  of  this  sort.  If  a  good  point  by  point  data 
match  was  obtained  for  short  periods  of  time,  using  only  transfer  elements,  then  the  nonsteady  explanation  would  be 
preferred,  since  the  injected  noise  version  would  not  allow  such  a  match  and  would  be  relatively  independent  of  the 
tun  lengths. 

Probably  the  most  important  facet  of  the  first  Goodyear  study  in  the  light  of  the  other  data  cited  in  this 
report,  is  the  insight  given  regarding  the  nonlinear  behavior  of  the  operator.  It  will  be  recalled  that  Elkind's  Ex¬ 
periment  U  (Effect  of  Amplitude)  data  indicated  that  the  open-loop  operator  gain  was  a  slightly  increasing  function 
of  rms  forcing  amplitude.  Phis  effect  is  consistent  with  Goodyear’s  use  of  a  threshold  transfer  characteristic.  The 
limiting,  ot  clamp,  effect  is  also  apparent  on  many  tracking  responses  other  than  those  obtained  by  Goodyear. 
Therefore,  both  the  "indifference  threshold"  and  "clamp”  concepts  are  important  additions  to  our  knowledge  of 
operator  dynamics* 


THE  SECOND  GOODYEAR  iT'JCY  _  MOVING 

PISTON  ENGINE  FIGHTER  PILOT  SUBJECTS 


Vital*!  t  TAh 
WlmULM  |  Kj  M 
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The  second  Goodyear  study  [34]  was  concerned  largely  with  the  construction  and  use  of  a  movable 
tnoekup  capable  of  providing  realistic  simulation  of  aircraft  movements  in  addition  to  the  usual  visual  display.  The 
study  was  telatively  short,  and,  in  essence,  constitutes  only  a  necessary  connecting  link  between  the  first  and 
third  Goodyear  efforts  summarized  herein. 

The  basic  equipment  used  for  the  experimental  work  wrs  similar  to  that  of  the  first  study,  with  the  ad¬ 
dition  of  a  single  degree  of  freedom  dynamic  cockpit  mockup  capable  of  simulating  aircraft  angular  motions  (see 
Figures  iiO  and  131/.  The  Dilot's  visual  input  consisted  of  either  sinusoids  or  filtered  random  noise  added  to  the 
pitch  (or  roil)  angles  generated  by  the  aerodynamic  simulation.  The  mockup  room  could  be  darkened  to  eliminate 
spatial  cues.  The  "cockpit"  motion  was  set  up  to  be  equivalent  to  the  airframe  pitch  tor  roil)  angle.  Subjects  were 
again  pilots  having  largely  piston  engine  fighter  experience. 
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Figure  HO.  Pyimmic  Cockpit  Mockup  Showing  Pilot  in  Position  for  Roll  Studies. 

(Ref.  34,  Pig.  4) 


The  actual  wotk  of  this  study  was  largely  exploratory,  so  the  reports  issued  did  not  include  detailed 
documentation  of  the  specific  computer  setups  and  controlled  clement  characteristics  used.  In  the  pitch  case  they 
were  presumably  similar  to  those  previously  described  in  the  first  study,  with  the  addition  of  the  cockpit  motion  to 
simulate  pitch  angle.  One  set  of  aileron  test  results  were  presented  as  an  example  and  are  repeated  here  as 
Fig.  132.  hi  this  particular  run  the  pilot  was  the  lateral  axis  of  a  simulated  T-33  airctaft.  An  aileron* 

mi  lder  emssfeed  circuit  of  S./S.  -  O.R/"(s  +  4)  wns  inserted  to  assist  turn  coordination  since  the  operator  had  no 
rudder  pedals.  For  the  instance  shown,  the  pilot  kept  flying  for  over  a  minute  after  control  had  been  transferred  to 
the  analog,  unaware  of  the  transfer.  Other  pilots,  who  moved  more  cautiously,  had  motions  which  did  not  resemble 
that  of  the  analog  as  well,  These  subjects  took  tally  a  few  seconds  to  recognize  the  transfer. 

in  addition  to  these  data.  Reference  34  makes  some  general  observations  which  are  minted  l,el<»w 

(1)  "Wiih  the  given  random-motion  input,  there  is  i»u  distinct  difference  between  cirors  with  visum 
input,  motion  input,  of  both.  Reaction  time  and  motion  characteristics  found  previously  still  hold 
under  the  conditi'His  of  this  study.  No  information  was  found  to  prove  that  vest ibular-nmt ion  stimuli 
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SIMUtATCH  IN  CONTBOl  -- 


Figure  132.  Goodyear  Ex[>«.tii:icuta!  Result:.  [or  Pilot  and  Simulator  in  Parallel. 

(Ucf.  34,  Fig.  7) 
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<lo  nut  lead  to  drift  and  give  faster  transient  response.  However,  it  was  found  that  the  difference  in 
results  for  a  pilot  with  his  eyes  open  and  shui  was  much  less  than  the  varintion  between  dilk-ieni 
plots. M 

;?)  is  sk.  ;  onu.iv  .«  ixtr  r-ffercivrnc.ss  .u  *ieqiu»ncies  above  Hit  nmurisi  ire- 

Qucncv  of  the  pilot-r.*rrraft  system.  This  was  evident  in  both  sinusoidal  and  random  hacking.’ 1 

(3)  '  ‘Pilots  show  a  tendency  to  phase  in  with  frequencies  below  0.5  cps  and  to  drop  out  of  phase  for 
higher  frequencies  when  they  are  Tracking  sinusoidal  inputs.  At  or  near  0.5  cps  a  pilot  tends  to  phase 
in  for  periods  as  long  as  30  seconds,  but  ultimately  he  executes  a  control  reversal  requiring  several 
seconds  to  lock  in  again.’ 1 

(4)  *  he  results  ind ica  t  v  t ha f  >i  general-purpose  i mul'il or  representing  the  human  pilot  in  closed-loop 
studies  should  havr  a  linear  transfer  function  as  follows: 


K 


As1  -6  t  s  t  12 

r^s1  i  6rs  +  12 


)! 


1 0.125  -  i  l| 


(0.2  4  t  1) 


where  r  0.25  second  for  the  simple  leuction-tiine  delay  anil  K  is  adjusted  to  represent  a  given  piloc. 

I  he  first  bracketed  factor  is  the  approximation  for  putt-  delay  of  form  rr\  The  second  factor  is  a  filter 
tor  smoothing  tire  response  of  the  first  and  also  approximates  the  ncuromuscv.lat  lag,  and  the  third  fac¬ 
tor  accounts  for  the  pilot’s  use  of  the  first  derivative  of  input.  A  dend-znne  type  of  nonlinearity  should 
follow  the  above  linear  operation.”  jThis  entire  statement  only  applies,  of  course,  to  the  particular 
conrrolled  element  and  forcing  function  conditions  used  in  the  Goodyear  tests.) 

I  he  work  of  the  second  study  appears  to  ndrl  some  generality  to  the  results  of  the  first  fas  well  as  to  the 
iic.u  ic-.ulw  of  f.cecio..  VI  T.hich  ccrrd’tr  with  the  fir'*  study).  This  generalization  is  specifically  along  the  lines 
f  forcing  funrrion  type,  and  is  given  in  comment  (1)  above.  Here  it  is  pointed  out  that,  for  the  subjects  of  this 
only  at  least,  the  same  transfer  characteristic  appears  to  be  suitable  for  metier:  inputs  rt/oni  ,  for  visual  inputs 
Ivi;-*-,  ' 1 ■  1  for  t  vi*itib|fiatrOo  <»f  both. 


THE  THIRD  GOODYEAR  STUDY  —  MOVING  SIMULATOR  WITH 
JET  FiCHTER  PILOT  SUBJECTS 

The  third  Uoodyeat  study  (Kef.  35)  utilized  four  Nuvv  jet  interceptor  pilots  as  subjects  in  the  moving 
lockup  partially  described  previously.  Part  of  this  study  was  devoted  io  an  evaluation  of  changes  in  rms  error  as 
unctions  of  controlled  clement  parameter  changes,  and  the  other  part  tc  the  determination  of  a  pilnr  analog.  Only 
his  latter  work  will  be  reviewed  lieie. 

The  controlled  element  dynamics  were  those  of  the  short-period  pitching  morion  of  an  aircraft  in  con- 
unction  with  a  variable  artificial  feel  system  consisting  of  a  simulated  aircraft  control  stick  loaded  with  adjustable 
nertial,  spring  and  viscous  damping  forces.  For  most  of  the  analog  runs  the  parameters  of  the  controlled  elements 
vere  set  to  ’'standard"  values.  For  these  cases  the  airframe  dynamics  set  into  the  computer  were  represented  by 
he  transfer  function, 
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•here  is  the  simulated  airframe  pitch  eng!*  due  to  the  elevator  deflection  7y.  The  "standard"  feel  system  dy- 
ramies  were 
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where  Fp  is  pilot  applied  force.  The  nominal  vap 
airframe-pilot  ■vnsiiivity  was  flsrewl,  ,t«rc  /  *> 
o*  j  3.R8  tb)/g,  IT,;-  -"-trail  loop  |i«ui  was  one  o 

i:  '  ' 1 ,  j  0  i  ,  Iv-:  -  1U1  not  .1.  — 

■'  -h.  -■  -1  ...  .  !  ■  >  !!•  1  it- 


*  -'.tan  iiw-< 

oi  the  feel  spring  constant  wns  ? ,  1  lb/in,  The  nominal  ovott.fi 
1148  md/sec/lb  which  was  equivalent  to  a  3 tick-force-' g  value 
te  adjustments  for  ench  subject  ‘luting  'h  ■  ovdog  run...  >-ithe 


The  mockup  dynamics  j.Lso  enter  the  controlled  elemt  it  pictiue  to  the  extent  that  pitching  motion  «lsn 
tmnr  t„  the  pile*.  •  te  platform  ar.gle,  u,  was  related  to  the  simulated  total  pitch  angle.  0.,,,  by  the  r.p- 

u,.  *. 


The  foiling  function  signal  took  the  foim  of  a  pitch  angle  due  to  a  simulated  gust,  0„ .  0,  was  summed 
directly  with  the  pilot-generated  pitch  angle  8p  to  form  the  total  simulated  airfiame  pitch  angle,  6.p.  This  was  pre¬ 
sented  directly  to  the  pilot**  visual  display  (n  simulated  artificial  horizon),  and  also  provided  the  input  signa.  to 
the  moving  mockup.  The  forcing  function,  <>,,  was  generated  from  a  conventional  Poisson  distribution  noise  source, 
filtered,  etc.,  to  give  the  npprosimate  apecitnl  density  shown  in  Pig.  134.  The  resulting  amplitude  distribution  was 
fairly  close  lo  Guussian  and  ihc  rms  value  was  equivalent  to  about  4.3  degrees  of  pitch  angle.  It  will  be  noted  from 
Pig.  134  that  the  facing  function  spectral  shape  is  similar  to  Plkiml'a  PI  spectrum,  but  that  the  corner  frequency 
is  considerably  lower,  i.e.,  0.J3  rad/sec. 


frsrf  l*U 
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Figure  134.  Goodyear  Experimental  Studies,  Power  Spectral  Density. 

The  analog  studies  were  based  upon  four  Navy  jet  interceptor  pilots  and  several  other  subjects  with 
experience  ranging  from  piston  engine  fighters  to  light  planes.  One  subject  had  no  piloting  experience  ftt  all.  The 
analog  was  constructed  in  the  same  general  fashion  as  discussed  previously,  and  tested  by  both  visual  comparison 
of  pilot  and  analog  output  records  and  the  process  of  changeover  from  actual  pilot  to  analog  control  of  the  mockup, 
m..R  an  analog  setup  had  been  reached  which  showed  good  visual  compatison  and  was  capable  of  avoiding  detection 
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hen  substituted  for  him  in  the  loop,  the  analog  system  rcs 


V  9  iMvfal  anctog  dc»i8n  -as  «  ...  that  for  the  stationary  mockup  nr  !«fc  some  fv,~  -ns  added 

h.;  t.  lit  of  n-l'J'dottel  esploratpry  teat ,  I<i  c»p.-  ience,  lne  ...v.  Ii«j»aiaiit  changes  aiiucu  tu  uie  analog,  which 
i»  an.-  .c  h,  bh  k  diagram  form  in  Fig.  1‘  *  ■ 
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Figure  135- 


Block  Diagram  of  Goodyear  Hypothetical  Jet  Pilot  Analog  System  with  Moving  Simulator. 
(Re/.  33,  Fig.  9) 


(1)  I  he  addition  of  a  higher  derivative  in  the  equalization  term,  i a  higher  order  lead.  The  total 
equalization  may  then  take  the  form  of  either  a  quadratic  ur  of  two  first  order  tetms.  The  additional 
lead  was  based  upon  the  observation  that  the  moving  mockup  allowed  distinctly  higher  derivative  sen¬ 
sitivity  of  the  pilot  than  that  of  the  stationary  mockup. 

(2)  The  addition  of  a  relay-type  characteristic  operating  directly  off  the  presented  error.  This  type  of 
action  was  based  upon  the  vbaervation  that  the  pilot  initiatea  a  portion  of  his  motion  whenever  the  sign 
or  the  error  changes  instead  or  after  one  reaction  time  interval.  This  pan  of  the  totai  motion  is  essen¬ 
tially  a  square  wave  with  axis  crossings  corresponding  to  the  zero  values  of  the  error  signal.  The 
phenomenon  has  been  variously  called  "Alertness”,  "Zero  Anticipation”,  and  "Anticipation”. 

(3)  The  superposition  of  a  steady,  essentially  sinusoidal,  hand  oscillation  upon  the  output.  Thi9 
"dither"  phenomenon  was  observed  only  in  the  four  Navy  pilots  and  showed  steady  day-to-day  varia¬ 
tions  which  suggested  that  it  was  a  learned  technique.  To  a  first  approximation  the  dither  signal  can  be 
simulated  by  a  fixed  amplitude  oscillator  generating  a  1.4  cps  sine  wave. 

In  addition  to  these  major  modifications,  the  (eaction  time  delay  value  was  changed  from  0.23  to  0.2  seco..Js, 

The  detailed  computer  circuit  diagram  is  presented  as  Fig.  136.  It  will  be  noted  that  the  mechanization 
for  comparable  functions  is  changed  considerably  from  that  of  Fig.  123,  but  these  changes  ere  indicative  of  taste 
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^cckur”  Stud)  Computer  Representation  of  the  Human  Operator  and  Com.ulleJ  Element 


Figure  137.  Phase  Shift  and  Attenuation  Char¬ 
acteristics  for  Pilot  Analog  Circuit. 

(He/.  35.  Fig.  19) 


and  method  rather  than  fundamental.  Only  the  additions 
summarized  above  are  major  modifications.  The  values 
for  the  nonlinearity  magnitudes  are  not  derivable  from 
uic  computer  setup  because  the  per  unit  scale  factors 
were  not  given  in  Ref.  35,  but  the  transfer  functions 
mechanized  were  computed  and  are  shown  on  the  schema¬ 
tic.  A  sinusoidal  describing  function  for  the  settings  of 
pilot  V,0.  is  also  shown  as  Fig.  t;J7.  This  sinusoidal 
describing  function  indicate /  that  che  predominant  char¬ 
acteristics  of  V.O.'s  analog  circuit  are  a  first  order  lead 
(rate  sensitivity),  threshold  effect,  and  reaction  '.ime  de¬ 
lay.  -c  must  note  at  this  point,  however,  that  V.O.'s 
analog  is  net  typical  of  those  of  the  four  Navy  jet  pilots. 

In  general,  these  jet  pilors  generated  a  substantial  amount 
of  second  order  lend  (nccelerntion  sensitivity)  and  hnd  lesi 
first  order  lead  (rate  sensitivity)  than  the  non-jet  pilots. 

Reference  35  included  five  recordings  of 
various  actual  pilot-pilot  analog  runs  as  examples  of 
some  eighty  hours  of  similar  recordings.  Figures  138 
through  140  illustrate  the  correspondence  between  these 
pilots  and  their  analogs  for  the  previously  defined  "stand- 
nrd“  conditions.  Pilot  V.O.,  Fig.  138,  is  cited  »s  a  typi¬ 
cal  example  of  a  light  plane  pilot  with  no  experience  in 
jet  aircraft.  The  "dither”  cliatucteristic  is  nil,  mid  the 
maximum  pitch  angles  recorded  are  generally  higher  than 
those  for  the  subjects  with  jet  aircraft  experience.  Pilot 
fi.  0..,  Fig.  139  exhibited  the  most  dither  of  the  four  Navy 
pilots,  though  the  dither  is  scarcely  discernable  in  the 
mockup  motion  record. 

Pilot  J.  B.,  Fig.  140,  is  noted  in  Ref.  33  as 
"the  lea/t  consistent  of  the  four  Navy  pilots".  His  dither 
level  in  Fig.  140  is  not  nearly  as  high  as  that  of  G,  C. 

Additional  data  is  given  in  Ref.  35  on  the  ef¬ 
fects  of  controlled  element  changes,  using  J.B.  as  an 
enamnlc.  Figure  140  is,  of  course,  set  up  for  the  "stand¬ 
ard"  controlled  element.  For  the  data  of  Fig.  141,  the 
damping  ratio  of  the  airframe  short  period  motion  was  ic- 
duced  to  0.2.  Here  the  airframe-pilot  system  is  tending 


toward  instability.  For  the  case  with  a  fifty  percent  re¬ 
duction  in  aircraft  sensitivity.  Fig,  142,  the  pilot’s  gain  increased  about  u  factor  of  two  to  compensate  for  the  reduc¬ 
tion,  but  otherwise  the  results  were  similar  to  those  with  "standard"  settings  (Fig.  140). 
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rigure  138.  Goodyear  Experimental  Characteristics, 
Light  Plane  Pilot  with  Mockup  Pitch, 

(Kef.  .15,  Fig.  li) 
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Figure  140.  Goodyear  Experimental  Characteristics, 
Less  Proficient  Jet  Pilot  Including  Moclcup  Pitch. 
(Re/.  35,  Fig.  16) 


Figure  141.  Goodyear  Experimental  Characteristics,  Less  Pro¬ 
ficient  Jet  Pilot  with  Reduced  Aerodynamic  Damping. 

(Re/.  35,  Fig.  IT) 


Figure  142.  Goodyear  Experimental  Cbatactcuatiis,  Ltss  Pro¬ 
ficient  Jet  Pilot  with  Reduced  Aircraft  Sensitivity. 

(Re/.  35.  rig.  IS) 
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C.  COMPARISON  OF  NONLINEAR  AND  QUASI-UNEAR  MODELS  OF 
HUMAN  OPERATORS  IN  COMPENSATORY  TASKS 


In  Part  3  of  this  section  we  have  aiteady  compared  the  results  of  the  first  Goodyear  analog  (for  the 
stationary  mockup)  with  those  of  Sections  V  and  VI,  It  will  be  recalled  that  the  two  types  of  results  were  generally 
consistent  as  far  as  transfer  function  forms  were  concerned.  The  Goodyear  model’s  indifference  threshold  effect, 
reaction  time  delay  values,  and  equalisation  parameters  all  appear  to  be  compatible  with  the  more  extensive  data 
from  the  quasi-linear  models,  A  source  of  possible  conflict  was  present  in  the  remnant  data,  but  there  was  insuf¬ 
ficient  analog  data  available  to  derive  any  definitive  conclusions  so  the  subject  was  uettncu  uuti,  bits  point.  • 

Now  that  the  Goodyear  moving  simulator  program  has  been  summarized,  we  are  in  a  position  ro  compare 
these  results  with  those  previously  presented  for  the  quasi-linear  case.  In  this  subsection,  therefore,  we  shall 
attempt  to  compare  the  consequences  of  the  two  quite  diffetent  experimental  approaches  by  icconciling  the  Good¬ 
year  analog  results  with  the  quasi-linear  data, 

Perhaps  the  best  way  to  approach  this  problem  is  to  compute  the  approximate  describing  function  and 
remnant  of  the  Goodyear  moving  simulator  analog.  As  the  first  step  in  this  ptocess  we  requite  the  statistical  input 
describing  functions  of  the  threshold  and  anticipation  circuits.  These  will  be  derived  below  and  then  combined 
with  the  linear  portion  of  the  analog  to  find  the  tot  .I  describing  function.  An  approximation  to  the  remnant  will  be 
derived,  giving  us  a  total  approximation  to  the  quasi-linearization  of  the  Goodyear  analog.  This  result  can  then  be 
compared  with  the  other  linearized  data  and  conclusions  made. 


1.  Describing  Function  of  Goodyear  Analog  Pilot  for  Moving  Simulator  Case 

The  development  of  a  describing  function  for  the  analog  computer  circuitry  is  straightforward  if  the 
quantities  throughout  the  overall  loop  have  amplitude  distributions  which  are  approximately  Gaussian.  Assuming 
that  this  is  the  case,  the  describing  functions,  when  an  amplitude  dependent  pure  gain  can  serve  to  approximate 
the  non-linearity,  can  be  obtained  directly  from  Eq.  (111-42),  which  is  repeated  below  as  Eq.  (Vllt-11). 


^wvjuiY»l«nt 


/-«*/(*)p(*)d.v  j[“xf(x)e  2cVx 
/_*“x2p(x)dx  y'irr  o1 


(VII-ll) 


For  the  utilisation,  or  sen  function,  shown  in  Fig,  143,  the  switching  level  is  set  at  a  value  a^.  Then, 


> “X  »  •  '  u 

■aA  i  r  <  0 


(VII- 12) 


Denoting  the  rma  value  of  the  error  signal,  r,  as  v, ,  the  Gaussian  input  describing  tunction  is 

»  f1 M  d*  +  *  fik)  dx  2aA  x  />(*)  dx 


K,  = 


of 


H 


yf£*  * 


of 


-  -  {Vi^du  -  (vni-13) 
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THRESHOLD 

CIRCUIT 

OUTPUT 


We  shall  approximate  the  actual  threshold  characteristic  used  by  that  shown  in  Fig.  144.  Here  the 
threshold  is  ay  and  the  rras  value  of  the  signal  presented  to  the  threshold  characteristic  is  try.  Then 


/(x)  =  x  ;  x  >  ay  or  x  <  -  ay 

—  0  ;  -  My  •  X  <  Uy 


(vm  i4) 


The  integral  involving  x/(x)fi(x)  will  become 


i”xf(x)p{x)dx  *=  C^x‘l>(x)<ix  +  j’^rx‘p{x)dx  =-  jl  ~  e  j  | 

where  <l>|ay/(\/2  try)]  is  the  error  function.  The  threshold  describing  function  will  then  be  given  by 

*t~  ,VI 


(VIIM5) 


(VIII- 16) 


The  overall  Gaussian  input  describing  function  of  the  Goodyear  pilot  analog  in  the  frequency  region  of 
interest  will  then  be  approximately 


(a»)  1 1  (  .  y  o/", 

~l  “  *  if 


(VIIi-17) 


Having  Eq.  (VII1-17)  we  can  compare  directly  the  Goodyear  and  other  describing  function  results.  The 
gain,  Kp,  reaction  time  delay,  '  (taken  by  Goodyear  as  0.2  sec),  and  neuromuscular  transfer  function, Vjy  ,  ate  com¬ 
pletely  consistent  with  the  quasi-linear  data  in  form.  The  equalization  characteristic  is  quadratic-  rather  than  the 
first  order  lead  obtained  in  the  quasidincar  measurements  taken  in  situations  with  comparable  controlled  element 
characteristic::.  This,  however,  is  cited  by  «~e«.tyee.  »•  »  «;*ni*iean»  dirfprenre  between  their  movinv  and  non¬ 
moving  mocktlp  experiments  as  well  as  being  most  dominant  in  their  highly  trained  subjects.  The  second  order 
lead,  therefore,  docs  not  enter  into  our  comparison  per  se,  but  rather  is  evidence  of  a  skilled  pilot’s  ability  to 
generate  higher  order  leads  due  to  the  additional  motion  input  information.  On  this  basis,  all  of  the  linen:  terms 
can  be  said  to  compare  favorably  with  those  from  other  data. 

This  leaves  us  with  the  linearized  portions  of  the  nonlinear  threshold  and  anticipation  terms.  While  we 
have  no  exact  data  on  the  aA  /a,  ratio  which  defines  the  anticipation  term,  the  output  data  plots  presented  by  Good¬ 
year  and  the  assumption  of  a  reasonable  computer  scaling  make  it  evident  that  the  ratio  is  fairly  small,  relative  to 
the  other  terms  in  V,,,  for  this  forcing  function-controlled  element  situation.  Since  the  effect  of  the  anticipation  tetm 
in  the  linearized  open  loop  describing  function  is  negligible,  one  can  reasonably  expect  that  the  major  change  in 
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Yp  wil!  be  due  to  the  addition  of  a  linearized  description  of  the  non-linear  "indifference  threshold”  represented  by 
K)  («7/Ojd,  Since  the  existence  of  such  a  threshold  is  Compatible  with  Hlkind's  data  on  the  effects  of  forcing  function 
amplieude  varia-ion,  and  is  consistent  with  the  F-fjOA  data,  we  cun  conclude  that  the  Goodyear  analog  is  consistent 
wirh  other  measurement  sot  quasi-tmear  describing  functions. 

2.  Remnant  for  Goodyear  Ana  loo  Pilot  for  Moving  Simulate.)  Cate 

The  problem  now  at  hand  is  to  find  the  approximate  power  spectrum  of  the  Goodyear  analog  remnant. 

The  remnant  in  this  model  must  come  from  the  Threshold,  anticipation  and  dither  effects.  Since  the  linearized  por¬ 
tion  of  the  "indifferent:-:  threshold”  KyCay/oj-)  accounts  foe  its  effects  fairly  completely,  the  contribution  of  the 
threshold  to  the  non-coherent  output  power  can  be  neglected.  This  leaves  us  with  the  anticipation  circuit  and 
dither  as  prime  remnant  sources. 

The  dither  characteristic  was  approximated  in  the  Goodyear  study  by  a  sine  of  amplitude  and 
frequency  £o,/.  The  power  spectra  of  a  sinusoid  is  a  delta  function,  so  the  output  power  spectra  due  to  the  dither 
will  be 

^""'dither  ”  irAjfSfwrf  t  to)  i  Sicoj  ■  to)l  (VIII- 18) 

It  was  stated  'rove  that  the  linearized  effect  of  the  anticipation  circuit  on  the  describing  function  was 
probably  small  compared  to  that  of  the  ocher  describing  function  terms.  Consequently  its  effects  will  be  found  in 
the  remnant.  In  fact,  wc  shall  assume  in  the  following  that  all  of  the  power  from  the  anticipation  circuit  will  be  in 
rhr  remnant. 


Figure  145*  General  Form  of  Anticipation 
Circuit  Ournm. 


The  action  of  the  anticipation  circuit  rs 
essentially  that  of  a  perfect  r -lay  with  no  thresh¬ 
old.  T  he  circuit  output  wiii  be  a  square  wave 
symmetrical  in  amplitude  about  zero  and  having 
axis  crossings  coincident  with  those  of  the  error 
signnl.  Its  general  form  will  be  as  shown  in 
Fig.  145,  Our  current  problem  is  to  compute  an 
approximate  spectral  density  or  autocorrelation 
of  r4(r).  These,  unfortunately,  will  depend  upon 
the  probability  distribution  of  the  axis  crossings 
of  rt[i)  or  the  equivalent  quantity  for  the  crossings 
of  the  error.  Finding  the  axis  crossings  can  bp 
■eery  Jifficult.  However,  even  though  the  exact 
distribution  nf  the  zeros  is  difficult  to  obtain, 
we  can  make  an  estimate  of  the  average  number 
of  axis  crossings  of  the  error,  f(f),  if  its  ampli¬ 
tude  distribution  is  assumed  to  be  Gaussian. 
Then,  if  we  assume  further  that  the  distribution 
of  the  axis  crossings  is  loiown,  having  this  av¬ 
erage  rate,  we  can  estimate  the  autocorrelation 
of  rA(fl.  ihis  wili  be  our  procedure  in  the  fol¬ 
lowing. 


is* 


First,  the  average  number  of  axis  crossings  per  second  of  a  random  function  with  a  Gaussian  distribution 


ft  - 


ft',  jo)  * 

°r  . 


(VIII- 19) 


•  See  Reference  68. 
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where  [R?,{r)]/o,2  is  the  second  derivative  of  the  normalized  autoeorre'..  tion  of  the  function,  and  fi'(O)  is  zero.  To 
obtain  an  estimate  of  rhr  normalized  error  autocorrelation  near  zero  values  of  r,  one  can  recognize  that  only  the 
higher  frequency  components  of  the  error  spectrum,  <D<( ,  need  be  involved.  At  high  frequencies,  the  error  spectrum 
will  annronch 


<1>  —  <J>  |y,|2  4.  . 

^e(  S  II  I*/!  ^  noibC  SUUT'IC 


(VIII- 20) 


where  Vjr  is  the  transfer  function  A  th"  ,;.lter  used  to  ohtain  the  forcing  function  spectrum  from  the  noise  generator. 
While  lvq.  (VI 11-20)  is  only  a  high  frequency  approx  truer  :on  to  the  error  spectrum  it  'S  nil  we  require  for  an  estimate 
of  ft(r)  as  r  approaches  zeto. 

The  form  of  <h,.  '.vns  given  previously  in  Fig.  134.  The  normalized  autocorrelation  can  be  obtained  by 
transforming  the  equation  shown  there,  and  is 

/Ur)  coU^'7'  fl,  1* I 

— : r  -1— -  - ,,  -  (Vlll-2' ' 

",  °-'f-  /»!  t Of  -  ft. 

The  second  derivative  of  Kq.  (VIII-21),  evaluated  at  r  0,  is 

//;,(<)) 

— r  -<vP>  (viu-22) 

Since  UI,  -  Vi  rad/ sec  and  (l,  is  somewhat  greater  than  4  raJ/sec,  the  average  number  of  error  signal  axis  crossings 
per  second  will  be  of  the  order  of  0.32.  Tire  average  time,  Tj ,  between  crossings  will  then  be  approximately  2..' 


If  we  now  ussumt  that  the  probability,  QU),  that  I  and  / 1  r  lie  in  the  same  interval  is  known,  ihrn  tin 
autocorrelation  of  the  sgn  function  output  is: 


R«m‘-  (f)V> 


(VIII-23) 


If  //(A)  is  the  probability  that  an  axis  crossing  occurs  between  time  A  and  time  A  1  d A,  then  the  average  time  between 
axis  crossings  is 


Ta  - 


(VIII -24) 


and  t'(r)  U  given  by 


Q(r)  =  tjr  r.[\-\r\)H{\)d\ 


(VIII-25) 


so  that  p(r),  and  hence  the  autocorrelation  of  the  sgn  function  output  R^(r),  is  known  if  we  know  //(A). 

Unfortunately,  the  disr-ibutlctr  c?  axis  crossings  is  nor  hno"’n.  It  ' e  i«*re,»rrive(  however  m  consider 
some  examples  which  give  insight  into  the  problem.  For  example,  if  the  axis  crossings  obey  a  Poisson  distribution, 
then 


H( A)  =  Tie  "< 


(VIII-26) 


so  y(r)  -  e  and  the  autocorrelation  is 

RU)  - 


(VIII-27) 
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As  ^  second  example,  consider  that  the  axis  crossings  are  purely  random  in  a  given  interval  7TA ;  i.e.,  A  can  have 
a iy  viiius.  2Ta  r;:i  r™!1  livelihood  although  the  average  time  between  axis  crossings  isT*.  Then 

Qlr)  =  l/(2'(i/?  (21J  - M)2 ;  |f|  «  2TA  ,  and  aero  elsewhere.  The  autocorrelation, RAU),  is,  for  this  case, 


k! .  Jdi) 

Ta  +  (2TJ)4J 


(VHi-28) 


[i  will  be  noted  that  the  tirst  approximation  to  the  autocorrelation  RA(r)  based  upon  both  these  widely  different  axis 
crossing  distributions  will  be 


k4M  - 


(VI1I-29) 


By  this  time,  the  diligent  reader  r.::l  look  upon  this  autocorrelation  as  an  old  and  valued  friend,  for  is  has  appeared 
in  all  of  the  attempted  remnant  "explanations'*  (i.e.,  Weber  law  type  output  noise,  nonsteady  operator  behavior, 
etc.).  The  power  spectral  density  is.  as  before. 


Me 


■Micipacion  circuit 


(a.) 


.  uTa 

sin- j- 

l  2  ) 

2 

(viii-30) 


The  total  open  loop  remnant,  refetred  to  the  operator’s  output,  ef  the  idoodyrar  analog  is  then,  approxi¬ 


mately, 


f&l* 

•  uT* 
SHI 

l  2  I 

<0Ta 

2 

+  rrdj  [5<€urf  +  to)  +  S(ujj  -  .:•))) 


(VIH-31) 


Both  of  these  terms  nave  distinct  parallels  in  the  quasi-iinear  data.  The  [(sinx)/x]J  form  is  a  gouu  approximation 
to  Hlkind's  remnant  and  is  not  inconsistent  with  the  Franklin  data.  It  even  has  values  of  TA  which  are  compt>r».M» 
to  those  obtained  from  Hlkind's  data.  The  dither,  giving  a  delta  function  peak  at  about  1.4  cps,  is  consistent  with 
a  similar  measurement  made  by  Russell.  We  can  therefore  say  that  there  are  no  striking  inconsistencies  between 
the  analog  and  quasi-iinear  data. 

Hie  apparent  correlation  between  the  lemnant  due  to  the  anticipation  circuit  and  dint  found  from 
Elkind's  measurements  leads  to  the  conjecture  that  the  principal  remnant  cause  is  the  ‘  perfect  relay  action  of 
anticipation  in  parallel  with  on  almost  linear  transfer  function.  If  this  action  is  indeed  the  primary  remnant  cause, 
it  would  have  to  increase  in  importance  relative  to  the  linear  transfer  function  term  as  the-  task  became  more  diffi¬ 
cult.  This  would  imply  that  the  human  has  three  different  bchaviorial  mode*  when  tracking  random  appearing  forc¬ 
ing  functions,  i.e., 

«.  For  tasks  presenting  slight  demands,  e.g.,  simple  controlled  eieincui  dy¬ 
namics  and  low  bandwidth  forcing  functions,  the  linear  correlation  will  ap¬ 
proach  unity  snd  the  operator  will  generate  a  linear  transfer  function. 

b.  For  very  demanding  tasks  the  linear  correiacion  will  be  very  small,  the 
open  loop  operator  describing  function  will  approach  KA{aA/A),  and  the  human 
transfer  characteristic  will  be  that  of  a  perfect  reley  (or  sgn  function), 

e.  For  tasks  where  the  demands  are  between  these  two  extremes  the  operator 
will  operate  both  modes  in  parallel. 
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The  above  remnant  “explanation' '  is  probably  the  r^st  physically  suitable  of  any  developed  in  the 
report.  Its  consequences  match  most  of  the  quasi -linear  data  in  a  qualitative  way,  and  is  further  corroborated  by 
observation  of  the  operator  and  tracking  records. 

The  dither  phenomenon  observed  in  the  Goodyear  tests  must  also  be  considered  to  be  a  possible  human 
output  under  certain  conditions.  It  does,  however,  appear  to  be  an  individual  tactic  which  is  consciously  used  de¬ 
pending  upon  the  operator  temperament  and  task.  The  dither  action  is  analogous  to  that  used  in  servo  systems  as 
a  general  linearizing  technique,  e.g.,  to  reduce  the  effects  of  coulomb  friction.  Besides  the  Goodyear  tests  it  has 
also  been  observed  in  human  dynamics  experiments  where  such  a  technique  appeared  to  the  operator  to  be  an  appli- 
cubic  tactic.  In  this  regard, 

a.  No  dither  was  present  in  Elkind's  tasks,  probably  because  there  were  no 
restraints  whatsoever  upon  the  control.  Possibly  its  general  desirability 
bod  been  reiecrcd  bv  the  subiects  dnrinc  their  training  period  as  a  technique 
which  wasn't  particularly  helpful  in  rhac  task. 

b.  Dither  was  probably  present  iti  some  of  Russell's  runs  since  a  sharp  peak 
at  1.23  cps  was  found  on  the  only  remnant  spectrum  measured.  Russell's  con¬ 
trol  bar  was  attached  directly  to  a  Variac  type  instrument,  which  has  a  fairly 
high  coulomb  friction  level.  Dither  would  therefore  be  generally  desirable. 

c.  In  the  Franklin  Institute  test  scries  several  of  the  subjects  tried  out  the 
use  of  a  dither  signal  during  their  training  periods  but  abandoned  it  before 
rbeir  record  runs  were  taken.  This  was  done  not  because  dither  introduction 
was  an  unsuitable  technique  for  operating  the  simulator,  but  because  these 
pilots  did  not  consider  it  to  be  part  of  their  normal  piloting  style.  A  typical 
comment  was,  "I  think  that  I  can  control  the  simulator  best  by  using  tin. 
frantic  mode,  (which  included  ditherl.  but  I  would  not  use  it  in  an  airplane." 
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Section  IX 

HYPOTHETICAL  MODEL  OF  THE  HUMAN  OPERATOR  IN  COMPENSATORY  TASKS 

A.  SUMMARY  Oh  MOUfc LS 

In  the  previous  sections,  past  experimental  data  have  been  reviewed  its  detail  and  grouped  into  various 
classes  depending  on  forcing  function  type  nnd  controlled-element  characteristics.  Simple  analytical  describing 
function  forms  and  approximate  linear  correlations  were  determined  for  those  instances  where  they  were  available, 
redetermined  in  some  cases  and  accepted  outright  from  the  original  sources  in  others.  The  net  result  of  this  effort 
is  summarized  in  Tables  13  and  14. 

While  the  controlled  element  transfer  functions  shown  arc  correct  over  a  wide  frequency  band,  the  human 
operator  describing  functions  are  not,  since  either  particular  frequencies  or  a  narrow  band  of  frequencies  were  used 
in  their  determination.  To  present  the  measurements  in  n  more  precise  context,  tables  13  and  14  also  show  the  con 
trolled  clement  approximate  characteristics  in  the  frequency  region  covered  by  the  human  response  data. 

Tin  ieimiam  daia  arc  not  nearly  as  extensive  as  the  describing  function  characteristics,  though  they  are 
still  extremely  important  to  the  description  of  an  analytical  operator  model.  Such  data  as  are  available  on  remnant 
models  are  summarized  in  Table  15.  It  will  be  recalled  that,  while  there  was  a  forcing  function  amplitude  effect  on 
the  Tf  1  kind  and  Franklin  describing  function  flum,  the  overall  de|>entiencc  upon  forcing  function  was  relatively  small 
over  a  wide  range  of  forcing  function  rms  amplitudes.  One  can  conclude  from  this  that  the  remnant  power  due  to  op- 
etatoi  nonlinear  transfer  characteristics  in  series  with  the  describing  function  was  relatively  small  for  the  conditions 
tested.  This  implies  that  a  large  portion  of  the  remnant  must  be  due  to  other  phenomena.  In  the  previous  discussions 
of  the  quasi  linear  il.vn  r'ic  major  possibilities  for  thr  particular  data  were  narrowed  down  ro  nnnsrrady  operator  be¬ 
havior  and  opi  i.ttoi  injected  noise.  These  i»o  sources  were  not  sepatubic  from  me  data  available,  so  models  weie 
derived  assuming  each  phenomena  war.  to  account  for  the  entire  picture.  In  the  discussion  of  nonlinear  models  it  was 
pointed  out  that  a  third  remnant  source  was  also  a  possibility.  This  was  the  action  of  a  nonlinear  trnnsfer  charac¬ 
teristic  essentially  in  parallel  with  a  describing  (unction.  When  the  linearized  portion  of  the  parallel  nonlinear 
transfer  ehnracre  risric  is  small  relative  to  the  describing  function  amplitude,  the  parallel  nonlinear  channel  will 
have  relatively  little  effect  on  the  overall  open  loop  describing  function.  The  action  of  the  parallel  nonlinear  cle¬ 
ment  will,  however,  have  a  substantial  effect  upon  the  remnant.  The  summary  in  Table  15  reflects  the  consequences 
of  these  various  possible  models, 

l’Tom  the  data  presented  in  Tables  13  through  15  we  shall  endcavoi  in  this  section  to  hypothesize  a  rea¬ 
sonable  model  of  the  operator  for  the  ense  of  random  appearing  visual  inputs  and  motion  outputs.  In  constructing  the 
hypothetical  mode!,  the  transfer  characteristics  will  be  considered  first,  on  a  ter, a  by  tern,  basis. 

E.  HYPOTHETICAL  TRANSFER  OR  DESCRIBING  FUNCTION  MODEL 
1.  Read  ion  Time  Delay 

The  reaction  time  delay,  represented  by  the  r"7’  term,  appears  in  all  transfer  functions  for  forcing  func¬ 
tions  having  a  degree  of  unpredictability.  Also,  while  i:  has  not  been  thoroughly  investigated  ro  date,  it  is  probable 
that  an  , ~ ' '  term  is  present  in  all  tracking  tasks  in  which  the  operator’s  input  is  random  appearing.  The  line  of  de- 
marcarir.n.  hnwpvpr.  between  fandom  fmnenfio**  *nrl  t>red» Jnpitfc  iu  nor  wpII  -»*  prr.emnr  ir. *~rr:r: '_e 

the  use  of  a  perfectly  predictable  sine  wave  forcing  function  on  a  system  with  an  operai.0/  plus  complex  controlled 
cieir.ent  dynamics,  resulting  in  a  complex,  nonsinusoidal  error  signal  (operator  input),  probably  falls  into  the  random 
apnea  rim?  innur  class.  In  rhe  same  <  as-*,  reduction  of  the  rontrollr-d  element  dynamics  to  some  simpler  (but  present¬ 
ly  unknown)  form  would  tend  to  preserve  the  predictable  sinusoidal  wave  form,  and  the  operator  input  would  then  fall 
into  the  predictable  cla.s,;. 

vuicii  the  simplest  of  the  fitted  transfet  function  forms  is  used  to  derive  a  value  for  r,  a  considerable 
variation  in  this  initially  determined  pure  time  delay  is  apparent.  Then,  when  a  stability  requirement  is  asserted, 
and  stability  of  tie  fitted  form  is  obtained  by  the  introduction  of  a  high  frequency  lag  beyond  the  bandwidth  of  mea¬ 
surement,  the  resultant  r  values  appear  to  lie  within  a  relatively  small  grouping,  with  a  central  value  of  about  0.15 
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Tabic  14.  Summary  of  Operator  Describing  Functions  in  Compensatory  Tasks  with  Various  Controlled  Elements 
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o(  Operator  Remnant  CharactariMic s  in  Compensatory  Tasks 
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REMNANT  SOURCES  and  BEST  FIT  DATA 
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COMPUTER  MECHANIZATION 


ALTWOOCN  TMfc-  FRANKLIN  F-BP  DATA  REMNANT  POWER  IS  CONSISTENT  WITH  ALL  OF  THESE  MODELS , 
IT  IS  NOT  UNEQUIVOCALLY  ASSIGNABLE  TO  ANY  ONE  SOURCE 


m 


seconds  for  random  appearing  visual  inputs.  There  also  appears  to  be  a  (airly  steady  progression  of  decreasing  r 
values  from  about  0.30  to  0.23  seconds  for  widely  separated  step  inputs,  to  about  0.20  seconds  for  more  closely 
spaced  and  random  appearing  discrete  steps,  and  finally  to  the  0.15  seconds  cited  above  for  random  appearing 
forcing  functions.  On  both  single-input,  single-output  systems  and  two- input,  twb-autput  sys t e m’s-w i  tlVrfthdbm  ap -  r 
pearing  forcing  functions,  r  does  not  appear  to  be  a  distinct. function  of  either  forcing  function  or  controlled  element 
characteristics.  Whatever  variability  does  exist  in  values  of  r  appears  to  be  on  an  Intrasubject  basis.  It  is  probable 
that  these  variations  are  similar  in  both  scope  and  form  to  those  found  in  applicable  reaction  time  experiments  to 
discrete  stimuli,  since  r  is  certainly  a  closely  related  quantity  to  certain  classical  reaction  times. 

The  hypothetical  linear  model  for  ronrintions  rnnr rn I  visual,  romnensttrofy  »a«U«  should  then  dIvavs 
include  an  c  T*  term  in  the  describing  function  to  account  for  the  reaction  time  delay,  with  r  given  approximately  as 

r  =  0.15  ±0.03  seconds  (1X-1) 


2.  Neuromuscular  Lags 

The  dynamic  portion  of  the  data  from  step  forcing  functions  for  Yc  ■  1  and  that  obtained  for  the  non-syn- 
cluvnous  phases  of  sine  wave  forcing  functions  for  Y<  -  1  have-  a  fair  degree  of  similarity,  and  arc  presumably  indi¬ 
cative  of  the  actuator  (neuromuscular  )  portion  of  the  human  response.  The  neuromuscular  system  involved  in  the 
particular  measurements  was  that  of  die  arm  in  following,  and  the  describing  numbers  would  be  somewhat  different 
for  other  neuromuscular  systems.  This  actuator  portion  of  the  human  responses  is  not  directly  apparent  in  the  other 
describing  function  data  since  die  effect  would  be  minor  at  the  frequencies  used  for  determining  them.  It  will  be  re¬ 
called,  however,  ihuf  much  of  the  data  required,  os  a  minimum,  thr  addition  of  a  high  frequency  lag  (beyond  the  mea¬ 
surement  bandwidth),  to  stabilize  the  system. 

Te  should  also  note  dmt  Elkind’s  higher  forcing  function  bandwidths  will  scarcely  admit  of  very  large 
values  for  neuromuscular  lags  (because  they  would  have  to  be  subtracted  from  the  already  small  values  of  r),  unless 
they  are  associated  with  the  very  low  frequency  lag  break  point  probahly  present;  or  unless  both  a  lead  and  lag  exist 
beyond  the  measurement  bandwidth.  The  evidence  for  the  second  possibility  is  mixed  (Section  V-C),  and  the  possi¬ 
bility  of  the  low  frequency  lag  being  truly  due  to  the  neuromuscular  system  is  extremely  unlikely. 

Since  much  of  the  evidence  available  at  die  higher  frequencies  (particulaily  those  from  step  function 
inputs),  indicates  the  existence  of  neuromuscular  lags,  and  most  of  the  other  data  implies  their  probnble  presence, 
a  hypothetical  model  of  the  operator  should  include  the  effect.  If  really  due  to  the  neuromuscular  system,  these  lag 
terms  should  be  at  least  of  the  second  order  variety.  About  the  only  numerical  value  that  one  cun  derive  from  the 
data,  however,  is  a  first  approximation  consisting  of  a  first  order  lag.  Such  a  single  lag  will  be  used  in  the  hypo¬ 
thetical  model,  but  one  should  not  attach  too  much  physical  significance  to  cither  the  numerical  values  or,  for  thac 
matter,  the  name. 
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3.  Indifference  Threshold 


In  the  Goodyear  studies  the  concept  of  an  ''indifference  threshold”  of  response  was  derived  as  a  serial 
member  of  the  operator's  transfer  characteristic.  Elkind’s  variable  amplitude  experiment  data  are  also  compatible 
with  this  result,  so  it  docs  appear  that  the  effect  exists  and  should  be  taken  into  account,  at  least  in  principle. 

This  can  be  done  by  using  a  threshold  describing  function,  KT(af/oT),  in  series  with  the  other  elements  of  the  trans- 
("r  function.  Thi'  is  given  approximately  by. 


—  «c  1  (IX- 2) 
°T 


Equation  (JX-2)  has  only  a  slight  change  from  uni  tv  for  the  relatively  small  values  of  oy/oy  observed.  It  can  there¬ 
fore  be  considered  as  a  second  order  effect  within  the  realm  covered  by  present  data. 
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4.  equalization 

A  most  important  thing  to  he  noted  regarding  the  transfer  function  form  is  the  equalizing  ability  of  the 
operator.  Tills  is  shown  by  the  occasional  presences  of  a  first  order  lead,  a  low  frequency  first  order  lag.  and  the 
probable  existence  of  a  variable  high  frequency  lag  (which  may  be  part  of  the  neuromuscular  system).  .  ‘ 

Considering  only  non-moving  ijiockups  with  pure  visual  inputs,  a  single  low  frequency  lag  term  always 
appears  to  he  present  when  all  of  the  following  conditions  apply.’ 

a.  When  the  introduction  of  u  low  frequency  first  order  lag  would  improve  the  low  frequency  system 
response; 

b»  When  the  low  frequency  system  response  is  important  because  of  the  low  bandwidth  of  the  input. 

c.  When  the  controlled  element  characteristics  are  such  that  the  intioduction  of  the  low  frequency  lag 
will  not  result  in  higher  frequency  destabilizing  effects  incapable  of  being  overcome  by  a  single  first 
order  lead. 

When  these  conditions  do  not  apply,  the  low  frequency  lag  does  not  appear. 

When  the  controlled  element  characteristics,  coupled  with  the  "unalterable”  reaction  time  delay  term  of 
the  operator,  are  such  that  a  lead  term  would  be  desirable  from  either  a  system  stability  or  low  fiequency  system 
performance  standpoint,  then  the  operator  will  generate  a  first  order  lead. 

It  is  probable  that  either  a  second  low  frequency  lag  or  a  second  lead  term  is  difficult  or  impossible  fur 
the  operator  to  geneiate  when  confronted  with  only  visual,  random  appearing  inputs.  Several  of  the  systems  studied 
could  have  used  such  terms  to  advantage  and  there  is  no  indication  of  their  existence. 

ft  should  be  nointe-J  out,  however,  that  a  second  order  lead  does  appear  to  be  possible  under  special 
ejrrumerances,  Fw  example,  the  highly  trained  Navy  jet  pilot-  used  as  suhjerrs  by  Goodyear  were  able  to  generate 
quadratic  lead  terms  while  operating  in  a  moving  simulator. 

Expressed  mathematically  the  operator’s  equalization  characteristic,  with  only  visual  inputs,  can  take 
on  the  following  forms. 


faT,S  +  I] 

pl  T,s  ■  1  J 

a  >  1 

(lf.ad-lag) 

(a) 

a  <  1 

(lag-lead) 

(b) 

Kfii'i  s  +  1) 

(SIMPLE  1  KAO) 

(<■ ) 

kp 

Tjs  + 1 

(simple  lag) 

w> 

(pukz  lain; 

\e) 

This  ability  to  adapt  the  form  of  equalizing  characteristic  can  be  referred  to  as  the  adaptive  behavior  of  the  operator. 

It  should  be  recalled  that  the  final  transfer  function  obtained  in  a  given  task  is  a  strong  function  of  the 
operator  training  in  the  particular  control  task,  All  of  the  describing  function  data  considered  in  this  report  were 
valid  after  the  learning  period.  Therefore,  adaptive  behavior  refers  to  what  the  operator  can  do  after  he  has  achieved 
some  familaricy  with  the  particular  control  process.  The  length  of  the  trial  and  error  process  involved  in  achieving 
the  final  transfer  function  form  is,  of  course,  quite  dependent  upon  the  forcing  function  and  controlled  element  char¬ 
acteristics  and  the  background  of  the  operator.  For  example,  in  Section  VI  we  noted  Ruosfill'a  Comment  that  Only  a 
few  seconds  to  a  minute  or  so  were  requited  to  adapt  ptopetiy  for  variations  in  controlled  element  characteristics 
during  a  run;  much  longer  rimes  were  required  on  die  F-80  simulator  simply  to  achieve  familiarity  with  the  simulator. 
Goodyear  noted  that  as  much  as  20  hours  was  required  by  one  of  their  subjects  (a  non  pilot)  before  he  attained  any 
reasonable  degree  of  proficiency  in  controlling  the  simulator. 
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5.  Cain  Adjustment  and  Optimalizing  Behavior  . 

From  ail  of  the  data  it  is  apparent  that  epetator  gain  is  a  highly  adjustable  parameter.  On  .essentially 
all  of  the  more  complex  tasks  with  controlled  element  dynamics,  the  gain  was  set  to  values  giving  quite  low  phase 
margins,  of  the  order  of  30  degrees  or  less.  This  was  also  true  of  the  Elkind  rectangular  spectra  forcing  function 
data  for  inputs  to  .96  cps.  The  gain  value  adopted  by  an  opetator  also  appears  to  be  a  distinct  function  of 
individual  motivation  and  training  in  the  particular  task.  -  . 

In  addition  to  gain  adjustment,  all  the  evidence  available  indicates  that  the  operator  is  not  only  adoptive 
in  selecting  the  form  of  his  equalization  function  within  the  tough  limits  set  above,  but  also  adjusts  the  value  of 
some  of  the  constants  within  the  transfer  function  adapted. 

Some  insight  into  this  behavior  can  be  obtained  by  considering  the  simple  tracker  data  as  a  function  of 
forcing  function  bandwidth.  From  rhe  Franklin  data  it  appears  that  the  lead  lime  constant,  7},  is  considerably  re¬ 
duced  as  the  bandwidth  is  incteased,  indicating  that  the  operator  is  attempting  to  inrrease  his  bandwidth  as  the 
presented  information  requires  such  an  increase,  A  similar  trend  is  seen  in  the  Russell  and  Elkind  data,  except  that 
there  the  operator  changes  liis  low  frequency  lag  time  constant  and  gain,  e.g.,  K  =  9.427}  for  Elkind 's  data.  Both  of 
these  characteristics  show  a  distinct  tendency  on  the  part  of  the  operator  to  adjust  his.  parameters  in  .in  endeavor  to 
foiiow  the  forcing  function  and  to  minimize  the  effects  of  other  signals  present  in  his  input. 

This  behavior  is  similar  to  chat  expected  of  an  "optimalizing”  servo  system,  i.e.,  one  that  adjusts  the 
values  of  its  constants  as  a  function  of  its  inputs.  Although  we  would  be  hard  put  to  specify  the  precise  optimum 
coward  which  the  subject  strives,  we  can  assert  that  the  human  operator  is  both  "adaptive"  (within  a  relatively  fixed 
form),  and  "optimalizing"  (to  some  internal  criterion).  In  fact,  the  human  operator  is  the  very  prototype  of  an  adap¬ 
tive,  optimalizing  servo  system.  Unfuitunateiy  the  human  does  much  mote  than  the  more  prosaic  optimalizing  servos 
in  that  a  large  quantity  of  "unwanted"  output  motion  is  also  supplied  by  him  in  rhe  control  process' 

Having  noted  the  optimalizing  characteristics,  it  becomes  a  matter  of  interest  ro  speculate  upon  the  cri¬ 
teria  used  to  adjust  these  variable  parameters.  For  -simple  systems,  snrh  ns  Elkind's,  it  was  shown  in  Section  V 
time  the  classical  minimization  of  the  mis  error  (operator’s  input)  has  some  merit,  nt  lensr  in  terms  of  giving  a  rough 
idea  of  the  general  type  of  compromise  being  performed  between  following  of  the  forcing  function  and  the  noisr.  Tr 
will  be  recalled  in  this  regard  that  a  bugaboo  exists  in  that  the  operator  "generates"  his  own  noiso,  which  is,  in 
turn,  related  to  his  transfer  characteristic. 

A  similar  optimalizing  behavior  is  exhibited  at  the  other  end  of  the  range  of  difficulty  by  the  F-80  simu¬ 
lator  resulcs.  Here  there  is  a  reduction  in  a  and  an  increase  in  1/7}  in  both  the  lateral  and  longitudinal  operator  de¬ 
scribing  functions  as  the  forcing  function  bandwidth  increases.  Within  the  limitations  of  the  possible  form  of  opera¬ 
tor's  describing  function,  both  of  the:;:  changer,  tend  to  reduce  functions  of  the  absolute  value  of  the  ertvf  (opera¬ 
tor's  input).  However,  a  rather  remarkable  difference  exists  between  the  F-80  and  Elkind  results.  It  will  be  recalled 
that  the  mean  square  error  (and  error  spectrum)  found  in  Etkind’s  experiments  increased  with  task  difficulty,  i.e., 
with  input  bandwidth.  The  F-80  simulator  results,  on  the  other  hand,  show  that  the  eitor  spectra  in  a  particular  axis 
are  nut  strong  functions  of  the  forcing  function  characteristics,  but  arc  similar  for  oil  three  input  bandwidth  conditions 
differing  n-.ah.ly  in  their  bandwidths.  A  considerable  difference  does  exist,  however,  between  lateral  and  longitudinal 
error  spectra.  In  other  words,  the  error  spectra  on  the  F-80  simulator  appear  to  be  largely  functions  of  either  the  con¬ 
trolled  element  characteristics,  or  the  attachment,  by  the  operator,  of  differing  degrees  of  importance  to  controlling 
aileron  and  elevator.  This  situation  does  not  detract  too  much  from  the  conjecture  that  the  operator’s  tracking  cri- 
ioii  is  akin  to  the  servo  criterion  of  mean  square  error  minimization.  This  is  so  because,  in  systems  containing  con¬ 
trolled  elements  as  complex  as  the  F-80  simulator  and  in  view  of  the  restricted  operator  transfer  function  form,  the 
mean  square  error  variation  with  operator  parameters  is  relatively  slight  over  the  range  of  values  allowable  from  the 
stabilization  standpoint. 

Taking  all  of  the  data,  then,  it  appears  that  the  operator  does  adjust  his  parameters  as  some  function  of 
the  magnitude  of  his  presented  input,  Fttrthet,  he  tends  to  modify  his  transfer  characteristics  until  he  has  .  chievcd 
either  a  performance  whitlt  he  accepts  ui,  perhaps,  a  performance  level  which  represents  the  limit  of  his  abilities. 

It  should  be  pointed  out  that  the  operator  action  tending  to  create  the  second  of  these  possibilities  was  generally 
requested  by  the  experimenter.  Other  experimental  conditions,  e.g.,  when  the  operator  is  asked  ro  keep  his  signal 
within  a  rigidly  defined  set  of  limits  shown  on  the  display,  may  not  yield  similar  results  to  those  given  here.  Ae¬ 
rially,  we  only  have  glimmers  of  the  operator's  criterion  for  opcimalization,  and  we  are  forced  to  note  simply  the 
consistency  of  his  actions  with  other  well  defined  criteria  rather  than  being  able  to  derive  his  rationale  for  acting. 
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6.  Hypothetical  Transfer  Function  Model 


From  all  of  the  above  it  is  now  possible  to  hypothesize  a  linear  adaptable  model  of  the  human  operator, 
for  random  appearing  visual  inputs  and  motto;,  outputs,  which  is  consistent  with  all  of  the  data  available.  In  equa¬ 
tion  fotm;  _ 


KP-rr,[TLs  ,  l)  f«r| 
(f,s +  1117^  +  1)  rloTj 


KpiTr,{a'Tjs  + 1)  { ayi 

=  [Tjs  +  l)(Ttfs  +1)  r(o7) 


where:  Reaction  Unit  delay,  "r",  is:  0.12  <  r  <  0.20  seconds. 

Neuromuscular  lag,  "7]/’,  is  partially  adjustable  for  task. 

„  .  "(«7}s  i  ll”  (Tts  + 1) 

Equalization,  -  (TT+T)  ’  *s  adjustable  with  forcing  function  and  controlled  clement. 

Gain,  "Np",  is  adjustable  for  overall  system  stability  and  low  frequency  performance. 
lntUjfert.net  Threshold,  Kr|~j  ,  is  a  second  order  effect  with  adjustment  and  values  not  known. 


Within  the  limitations  of  the  above  form  the  operator  adapts  his  describing  function  (lag-lead,  lead-lag,  pure  lead, 
pure  lag,  or  pure  gain)  to  obtain  what  he  considers  to  be  an  optimum  controller,  controlled-elemcnt  system  response 
in  the  presence  of  the  forcing  function.  The  describing  function  form  adapted  is  one  consistent  with  stability  and 
good  low  frequency  control  of  the  overall  system.  The  constants  are  adjusted  to  some  criteria  alcin  to  that  of  the 
rms  minimization  criterion  of  setvu  theory.  In  most  eases  with  forcing  functions  having  a  fnirlv  frequency  con¬ 
tent,  rite  ovt-idll  system  probably  exhibits  marginally  stable  high  frequency  control.  In  other  words,  the  operator 
transfer  junction  lor  a  given  task  is  very  similar  to  the  one  that  a  servo  engineer  would  select  if  he  were  given  an 
clement  to  control  together  with  a  "black  box,"  having  within  it  elements  making  up  the  describing  junction  given 
hyEq.  (IX- 5).  and  knobs  on  the  outside  for  adjustment  of  a,  7),  and  Kp, 


C.  HYPOTHETICAL  REMNANT  MODELS 

In  the  course  of  this  study  several  models  have  been  proposed  to  "explain”  that  portion  of  the  opera¬ 
tor’s  output  which  is  not  "linearly  coherent”  with  the  system  forcing  function.  In  terms  of  the  operator’s  uncor- 
re  hired  output  power,  three  of  the  models  considered  appear  to  have  descriptive  merit.  These  we  listed  below  in 
the  order  of  their  appearance  in  the  previous  sections  of  the  report,  and  are  illustrated  in  Figure  146. 

1,  A  "noise”  m  error  superimposed  upon  the  operator’s  linear  output.  As  shown  in  Figure  146it,  this 
noise  is  effectively  injected  into  the  system.  As  presently  conceived  this  description  assumes  that: 

a.  Hie  humans  output  response,  c(f),  can  be  approximated  by  a  series  of  discrete  steps. 

Fach  step  consists  or  two  components,  i.e. 

(1)  A  pan,  At0,  .inear ly  related  to  the  forcing  function; 

(2)  A  part,  «c(r),  representing  random  error  or  noise,  which  is  not  linearly  coherent 
with  the  forcing  function,  and  which  is  independent  of  all  other  output  steps. 

b.  The  mean-square  noise  may  be  proportional,  in  some  fashion,  to  the  mean  square  value 
of  Ac0,  i.e.,  ni  -4Ae0J]‘. 

The  data  fits  made  using  assumption  1-a  imply  that  the  equivalent  noise  injected  has  a  boxcar 
like  time  structure,  with  average  "switching"  from  one  value  to  another  which  is  roughly  proportional 
to  operator  input  signal  axis  crossings.  Assumption  1-b  is  not  imperative  for  this  interpretation. 

2.  Nonsteady  behavior  of  the  operatot.  This  concept  is  based  on  the  notion  that  the  operator’s  trans¬ 

fer  characteristic  is  essentially  linear  bur  time  varying  in  some  random  fashion.  The  time-varying 
portion  of  the  riwnl  inop  transfer  function,  A HUY,  would  possess  a  bcx-cai  iike  structure,  and  its  rms 
-.1...  would  increase  slrror*  dire— — ifh  demands  imposed  b'1  the  tsrk.  equivalent  open-loop 
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Figure  146.  Possible  Forms  of  the  Operator  Model. 
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time-varying  characteristic,  A V(l),  would  have  an  rms  value  not  so  drastically  dependent  upon  the 
task  demands,  possibly  being  nearly  constant.  Such  n  nonsteady  transiet  characteristic  will  act  in 
parallel  with  a  describing  function  which  is  frequency  variant  only,  as  shown  in  Figure  1464. 

3.  An  "anticipation"  c/r  sgn  function  operating  on  the  input  signal  in  parallel  with  a  quasi-linear  de- 
scribing  function.  The  portion  of  the  operator's  output  due  to  the  sgnfunctiou  will  be  a  square  wave 
of  constant  amplitude,  aT.  The  axis  crossings  will  be  identical  to  those  of  the  error  (operator's  input). 

As  implied  in  the  statement  preceeding  this  recapitulation,  there  is  little  to  choose  between  these  three 
concepts  in  terms  of  the  existing  data  on  unrorrelared  operator  output  power.  On  this  basis  all  three  are  effectively 
equivalent  models.  In  addition,  all  ''explain”,  to  some  extent  at  least,  the  quasi-periodic  behavior  observed  on 
time  records  of  human  responses. 

When  more  detailed  factors  are  examined,  such  as  the  point-by-point  output  time  function  check  between 
the  Goodyear  analog  and  actual  pilot,  the  third  (perfect  parallel  relay),  description  becomes  very  enticing.  Unfortu¬ 
nately,  this  description  is  based  upon  only  one  set  of  controlled-clement,  forcing-function  characteristics.  The 
other  remnant  data  could  be  explained  ro  a  large  extent  by  such  an  "anticipation”  model  (mid  vice-versa,  of  course), 
but  a  limiting  case  tends  to  make  us  waty  of  the  outright  assertion  that  this  is  the  best  model.  This  limiting  condi¬ 
tion  will  occur  when  rhe  cask  is  very  difficult,  so  that  the  parallel,  npnrly  linear,  describing  function  is  very  small 
relative  to  K^a^/o,) ,  the  describing  function  of  the  sgn  transfer  characteristic.  Under  these  conditions,  the  overall 
operator  describing  function  would  tend  to  be  a  pure  gain,  with  no  reaction  time  delay.  For  the  Franklin  F-80  studies 
in  longitudinal  control  for  oco  -  1,2  radians/feecond  the  describing  function  does  appear  to  approach  a  condition  where 
it  is  effectively  a  pure  gain,  whereas  r  r  -  4  radians/sccond  for  which  p  is  greater  than  for  oca  1,  or  2  rudians/ 
second,  Vc ^  Kt~v'i,s. 

With  all  of  these  points  in  mind,  it  is  probably  expedient  for  us  to  assert  that  all  three  points  have  equal 
merit.  However,  we  hold  the  following  opinions: 

1.  The  nenstendy  model  is  host  from  the  point  of  view  that  the  curve  fits  upon  which  it  is  based  were 
the  most  adequate  ones  made; 

2.  I  he  noise  injection  model  is  best  from  the  standpoint  of  simplicity  in  using  the  hypothetical  <!c 
scribing  function  data  for  system  stability  predictions  and  general  servo  analysis; 

3.  The  parallel  sgn  function,  or  perfect  relay,  model  is  best  from  the  viewpoint  of  point  by  point  pre¬ 
diction  of  die  operator's  output  and  in  creating  an  intuitive  physical  view  of  the  operator’s  actions. 

Because  of  the  approximate  equivalence  of  the  three  models,  ns  regards  their  manifest  effects  in  the  data 
and  the  points  enumerated  above,  we  fee!  th;»r  rh*  '.setic  view  is  the  most  practical  at  this  stage.  By  accepting 
this  viewpoint,  the  choice  of  remnant  model  can  be  left  to  the  engineer  or  psychologist  analyzing  a  patticular  prob¬ 
lem.  The  model  can  then  be  selected  on  the  basis  of  convenience  for  the  particular  job  at  hand.  Of  cou-se,  due 
caution  and  restraint  should  he  used  in  nut  exceeding  tile  bounds  imposed  l>y  the  expeiimentai  conditions  tor  wmch 
the  models  were  originally  derived.  .An  experimenter’s  ingenuity  would  be  challenged  in  designing  appropriate  ex¬ 
periments  to  choose  between  the  possible  remnant  models.  The  nonsteady  model  is  most  amenable  to  experimental 
study. 

In  pair  B  of  this  section  we  were  able  to  outline  a  hypothetical  transfer  function  model  which  can  be 
used  as  a  reasonable  basis  for  crude  prediction  in  overall  system  calculations.  As  matters  now  stand,  this  model 
should  be  suitable  for  engineering  analyses  of  system  stability,  and  (or  use  as  a  guide  for  system  equalization  syn¬ 
thesis,  This  is  the  case  because  the  reaction  time  delay  and  possible  types  of  operator  equalization  within  the  re¬ 
stricted  adaptive  form  are  fairly  well  tied  down.  These  two  items  usually  dominate  the  scene  when  one  is  perform¬ 
ing  a  stability  analysis.  The  criteria  that  night  be  used  for  adjusting  the  operator's  variable  parameters  (leads,  lags, 
etc.,)  are  not  known,  but  this  state  of  affairs  detracts  little  from  the  general  statements  above. 

Now  in  this  part  of  rhe  section,  it  would  be  very  nice  if  we  could  prescribe  a  reasonable  remnant  model 
to  go  along  with  the  hypothetical  adaptive  and  optimalizing  transfer  function.  Unfortunately,  the  dearth  of  remnant 
data  and  the  dependence  of  that  available  on  both  controlled  element  and  forcing  function  details  make  this  impos¬ 
sible.  There  is  just  barely  enough  data  to  allow  us  to  make  the  above  statements  on  the  probable  equivalence  of 
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(LIHCAR  MAGNITUDE  SCALE)  ■ 


Figure  147.  Variation  of  Average  Linear  Correlation  with  Task  Difficulty. 
(Elklnd  Rectangular  Spectra  Forcing  Function.) 


fi(r)  =  C^O  cos  In  (rdf  (lX-D) 

V 

If  4K/)  is  continuous, 

K*(r)  -  ~(2f)!/“/3<W/)  cos  2nfrdf 

so  rbat 

K'(0)  =  -(2n)J^°/J  <*/)<// 

Since  ft( 0)  »  4K/)  d/,  then  $  will  become 

=  if  -taiyfpwdi*  ^ 

A  ~  'T  2  j 

-  l\Cil<*,M)dt\A  (IX*  12) 

All  of  these  fuims,  $,  f  and  0/,  should  result  in  about  the  same  type  of  relationship  as  Hqualiou  (IX-5) 
for  the  Hlkind  rectangular  spectrum  data  since,  in  that  case,  all  are  strong  direct  functions  of  /«,.  The  same  thing 
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cannot  be  said  of  situations  with  dominant  controlled  element  dynamics,  such  as  the  F-tiO  simulator.  On  the  other 
hand,  we  can  say  that  Elkind’s  higher  /„  tasks  were  nearing  the  limits  of  human  capability.  For  esample, ,.i£is 
jeers  were  unable  to  track  the  next  higher  forcing  function ./M  s  4  cps.  Therefore,  it  may  not.be  .unreftS0!Wb|c_f8 
speculate  that  an  equation  of  the  form  of  (IX- 5),  with  some  mote  fundamental  error  spectra  quantity  sofertituted  for 
jw  will  give  a  rough  estimate  of  pQ  for  a  given  task.  If  we  accept  average  error  signal  axis  crossings  f ft, a*  fhi*-' 
quantity  (only  as  a  guess,  of  course),  then  Eq.  (IX-5)  can  be  modified  to 
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since  ft  in  Elkind’s  case  is  approximately  2'/2/co  for  the  higher  cutoff  forcing  functions. 
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Section  X 

PREFERRED  FORM  OF  OPERATOR'S  DESCRIBING  FUNCTION  IN  COMPENSATORY  TASKS 
—  AN  -INTERIM  BASIS  FOR  MANUAL  CONTROL  SYSTEM.  DESIGN  , 


In  the  preceding  sections  o f  this  report  consideration  was  given  to  how  the  operator  actually  performs  in 
particular  tasks,  and  an  adaptive,  optimalizing  model  was  hypothesized  to  characterize  his  behavior.  This  model 
can  probably  be  used  with  some  confidence  to  predict  qualitatively  the  performance  of  a  given  man-machine  system. 
While  all  of  this  information  is  very  useful  in  an  analysis  problem,  it  is  also  desirable,  fer  synthesis  purposes,  to 
know  how  the  operator  should  be  allowed  to  perform,  i.e.,  what  is  the  best  type  of  describing  function  for  the  human? 
If  the  operator  is  more  precise  when  he  adopts  a  particular  describing  function  than  when  he  assumes  other  transmis¬ 
sion  properties,  it  would  then  seem  desirable  to  design  the  nonhnman  elements  of  the  control  system  in  such  a  fash¬ 
ion  as  to  use  the  human  in  his  most  competent  role. 

.To  perforin  an  intelligent  controls  design  on  this  basis,  the  engineer  requires  a  knowledge  of  an  operator 
form  which  is  '‘preferred”  from  the  standpoint  of  performance.  To  derive  an  operator  characteristic  which  is  presum¬ 
ably  the  "best"  for  him  to  adopt,  in  the  performance  sense,  we  can  use  data  of  two  varieties.  The  first,  of  course, 
is  the  describing  function  ,mJ  timnaut  data  -lildi  !,„«<:  pic.io-strly  summarized.  From  these  data  we  can  draw 
some  conclusions  about  those  controlled  element  and  foicing  function  conditions  which  rend  to  be  more  desirable 
than  others  from  the  overall  system  performance  standpoint.  Then,  having  the  desirable  controlled  element  and  forc¬ 
ing  function  conditions  well  in  mind,  we  can  go  directly  to  a  preferred  form. 

The  second  form  of  data  giving  us  leads  in  finding  pieferred  operator  characteristics  is  the  experimental 
dcleimination  of  sonic  system  performance  measure,  i-uth  as  rms  error,  etc.,  as  a  function  of  controlled  element  and 
forcing  function  conditions.  This  latter  approach,  emphasizing  particularly  the  controlled  element  characteristics, 
has  been  used  extensively  by  Taylor  and  Birmingham  and  rheir  colleagues  [F,  7,  30,421,  As  a  result  of  their  efforts 
using  this  approach,  they  hypothesized  a  preferred  form  cl  operator  model  which  is  discussed  in  detail  in  Reference 
6.  Since  this  is  such  a  lucid  account,  and  because  aspects  of  the  Taylor-Birmingham  model  still  appear  applicable, 
some  of  the  following  is  taken  vorbatum  from  that  source.  This  section  is  not,  however,  a  repetition  of  Reference  6 
since  we  now  have  much  more  data  to  lead  us  to  an  apprnpriate  model  than  was  available  to  Birmingham  and  Taylor. 
Tlie  section  is  more  in  the  nature  of  an  extension  of  later  results  into  a  framework  which  hears  some  distinct  simi¬ 
larities  with  the  Birminglmm-Tuylor  hypothetical  preferred  form  model. 

Ir:  the  preceding  sections  it  was  pointed  out  that  the  human  operator  can  be  represented  by  the  following, 
outwardly  equivalent,  general  forms; 

C(j<o)  —  YpijoAl:  i  N'ljtu) 
or 

Cl/m)  =  Yp(jw,t)B 
or  _ 

C'l/'m)  —  +Uj.sgnr(f)  IX- 1) 

On  a  closed  loop  basis  all  of  (he  above  forms  can  be  put  into  quantities  which  are  more  easily  measured  (at  least 
bv  the  quasi-Iinear  methods),  and  which,  in  this  sense,  are  more  fundamental,  in  dosed  loop  form, 

d>c,  =-  I//I**,,  +  <t>„„  (X-2) 

From  the  previr -v  data  summarized  in  this  report  we  can  further  say  that  the  remnant,  term  was  of  major  im- 
porance  in  determining  the  average  performance  (such  as  rms  error,  rime  on  target,  etc.)  while  the  If/FI*,,  term 
was  of  greater  impnrranee  in  determining  system  stability  and  dynamic  or  transient  performance.  When  we  speak 
of  tracking  precision  in  the  usual  sense,  v.e  are  concerned  with  such  things  as  the  rms  tracking  erroi,  so  the 
reduction  of  rhe  d1,,,,  terra  is  a  major  key  to  precision  performance.  The  definition  of  the  ‘'optimum”  operator  linear 
form  for  precise  average  control  can  then  be  said  to  be  that  form  of  Yp  which  minimizes  If  the  4>TO  term  was  due 
to  an  operator  induced  noise  which  was  uncorrelsted  with  both  and  the  forcing  function,  the  peered  t„g  statement 
would  have  little  practical  meaning  since  would  be  no  function  of  Yp.  On  the  other  hand,  if  d1..,,  is  dependent  upon 
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Yp  in  some  fashion,  then  changes  in  the  controlled  element  transfer  function  calling  for  a  different  form  of  operator 
describing  function  should  result  in  a  change  in  <t>m,  and  hence  in  tracking  precision. 

From  the  preceding  sections  it  is  evident  that  controlled  element  transfer  characteristics  and  forcing 
function  conditions  are  the  major  quantifiable  components  of  task  difficulty.  It  is  also  apparent  that  the  more"dif- 
ficult”  either  or  both  of  these  characteristics  become,  the  target  tin:  remnant.  All  of  this  can  ViC  citCu  v7*dm££ 
of  the  focr  that  the  operator  is  best  when  his  task  demands  the  least  of  him.  This  leaves.us  with  thC-problem  sf_.  . 
defining  minimal  demands.  When  this  has  been  done,  a  rational  design  scheme  can  be  presented .  which  will  specify 
the  human  operator’s  role  so  that  he  will  generate  these  characteristics  at  which  he  is  best. 

Both  of  these  problems,  i.e.,  first  defining  a  “minimum  demands”  operator  transfer  characteristic  form 
and  then  a  consequent  rational  design  procedure,  have  been  attacked  by  Taylor  and  Birmingham.  Their  premises 
were  made-  without  the  benefit  of  the  mass  of  data  included  in  this  repott,  but  it  is  worthwhile  to  present  their  arpr 
ment  in  detail  as  a  basis  for  the  subsequent  revision  to  certain  parts,  in  the  words  of  Reference  6,  "It  becomes, 
therefore,  a  fundamental  assumption  of  this  paper  that  the  more  complex  the  human  task,  the  less  precise  anil  the 
more  variable  becomes  the  man.  It  is  assumed  that,  within  limits,  the  higher  the  number  of  integrations  and/ot 
differentiations  required  of  the  mao  the  pomer  will  he  -perform.  Conversely,  it  is  hypothesized  that  the  more  the 
human  operator  is  freed  from  the  tasks  of  integration  and  differentiation  the  more  regular  and  precise  will  become 
the  human  output.  Human  control  behavior,  it  is  asserted,  reaches  the  optimum  when  the  mar  becomes  the  analogue 
of  a  simple  amplifier  (with  putt*  time  delay)  as  shown  in  rhe  following  equation: 

0o(s)  -  Ke'Ts0,[s)  or  0O(/  i  r)  —  KOt(t)  (X-3) 

where  t  represents  a  value  in  time,  and  r  equals  the  human  reaction  time. 

'In  contrast  to  the  poor  performance  o!  complex  tasks  hypothesized  foi  the  human  operator  is  the  (net 
that  machine  3  can  be  built  to  perform  intricate  computations  with  r»mnrkaMy  hig^  prerisinn  and  low  variability.  It 
true  rbar  stability  and  arcirm-y  arc  not  obtained  without  effort,  but  for  such  tasks  ns  double  or  triple  integration 
and/or  differentiation  it  seems  unquestionable  that  electronic  or  mechanical  components  cun  be  made  to  be  more 
precise  and  repeatable  than  man. 

“If  this  is  the  case,  and  if  precision  is  required,  ir  follows  that  when  a  man-machine  system  must  iniv- 
crate,  differentiate,  or  perform  other  higher-order  computations,  these  should  be  supplied  by  the  nonhuman  compo¬ 
nents  of  the  system  whenever  possible.  This  is  tantamount  to  saying  that  the  human  should  be  required  to  do  no 
more  than  operate  as  a  simple  amplifier.  Broadening  this  somewhat,  adding  to  it  a  statement  as  to  human  bandwidth, 
and  phrasing  it  as  a  general  design  principle,  the  following  emerges:  Design  the  man-machine  system  so  that  (1)  the 
bandpass  required  of  the  man  never  exceeds  three  radians  per  second  and  (2)  the  transfer  function  required  of  the  man 
is,  mathematically,  always  as  simple  as  possible,  and,  wherever  practicable,  no  more  complex  than  that  of  a  simple 
amplifier. 

“In  line  with  this  principle  two  matters  require  general  comment,  hirst  of  all,  it  is  essential  to  describe 
a  basic  condition  which  must  be  observed  if  the  ultimate  intent  of  the  design  principle  is  to  be  achieved.  Second,  it 
is  necessary  to  answer  :ne  obvious  question  of  why,  after  designing  the  system  so  that  only  amplification  is  required 
of  the  man,  one  should  not  take  the  final  step  of  dispensing  with  him  entirely  by  substituting  an  actual  amplifier  in 
bis  place. 

"As  to  the  first,  in  order  to  obtain  optimum  performance  from  the  control  system,  it  is  necessary,  not 
only  to  design  the  system  so  that  amplification  is  all  that  is  required  of  the  operator,  but  it  is  also  necessary  to  in¬ 
sure  that  the  operator  adopts  this,  and  no  other,  mode  of  response.  It  appears  that  when  placed  in  a  control  loop, 
the  human  goes  through  a  trial-and-error  process  wherein  he  varies  his  transfer  function  until  he  achieves  a  condition 
of  minimum  average  error  as  it  is  reflected  to  him  via  the  display.  It  fellows  from  this  that  to  insure  the  adoption  by 
the  operator  of  a  mode  of  action  equivalent  to  simple  amplification,  it  is  necessary  to  so  design  the  non-human  com¬ 
ponents  that  the  operator  will  achieve  minimum  error  at  the  display  when  he  acts  as  an  amplifi*  .  If,  through  inad¬ 
vertence,  the  design  of  the  control  loop  permits  tbe  operator  to  reduce  the  displv/ed  error  more  by  acting  as  -,n  inte¬ 
grator,  differentiator,  or  a  combination  of  one  or  more  of  these  than  as  an  amplifier,  then,  most  certainly,  he  will  do 
so. 
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"Ia  segatd  to  the  question  of  why  the  design  principle  does  not  lend  logically  to  employing  an  amplifier 
to  supersede  the  man,  one  can  only  say  that  it  does  lead  to  precisely  that— 'Whenever  it  ia  feasible.  Under  some 
circumstances  the  best  man«machine  system  design  will  demand  the  removal  of  the  human  from  the  system.  But  in 
many  other  circumstances  it  would  he  impractical  to  automatize  completely. 

"Finally,  in  many  situations,  it  ia  not  feasible  to  simplify 'the  opcmUir’s  task  lo-lhe-point  of  (Cquitirig 
of  him  only  simple  amplification,  in  some  systems  the  man  is  used  precisely  because  he.can  do  more-in  a.tracking 
loop  than  amplify.  In  these  circumstances  it  would  he  self-defeating  to  attempt  to  carry  the  simplification  process 
coo  fat.  This  would  be  true,  for  example,  in  the  case  of  handlebar  tracking  systems  which  utilize  the  man,  not  only 
as  an  ewer  detector  and  analogue  computer,  but  as  the  power  drives  as  well.  In  such  cases,  complete  redesign  of 
the  system  would  be  required  if  one  sought  to  supplant  the  human  element  entirely.  In  these  cases,  one  muse  he 
satisfied  with  the  more  modest,  yet  still  very  appreciable,  improvements  to  he  brought  about  through  task  simplifi¬ 
cations  which  stop  short  of  the  ultimate.” 

The  Rirtningham-Taylor  thesis  quoted  above  is  given  some  detailed  quantitative  support  in  Reference 
7,  This  paper  reports  the  results  of  a  series  of  tests  where  the  operator  is  provided  with  instantaneous  knowledge 
of  the  effects  of  his  own  motions  in  such  a  w ay  as  to  make  it  unnecessary  for  the  operator  to  generate  either  a  lead 
term  or  an  integration.  In  the  actual  experiment,  the  controlled  element  proper  had  a  transfer  function  K/si,  while 

the  effect:  —■  .-ortrrollrd  clement,  as  seen  by  the  pilot,  could  be  adjusted  to  take  either  the  form 

K(T|.v  t  )MT2s  +  l)(r,s  +  1) 
sJ 


or  K/s\ 

In  the  referenced  experiment  a  four-coordinate  tracking  task  «?  employed.  The  subject  manipulated 
two  joysticks  to  keep  within  view  rwo  target  data  on  a  two-gun  cathode  ray  tube.  Each  <hii  was  free  to  move  in 
both  the  vertical  and  horizontal  directions. 

"Painted  in  white  outline  on  the  face  of  the  cathode-ray  tube  arc  two  adjacent  Z-inch  squares  which 
served  as  the  boundaries  of  the  tracking  area.  To  position  the  spot  horizontally  within  the  left  square,  the  subject 
manipulated  die  ieir  stick  auu  uu.de  let’,  li^tn  mtn cinema,  while  icr  vcitrcfl  puaitruiling,  the  umite  stick  was  moved 
back  ami  forth.  The  spot  could  also  be  moved  from  any  position  within  the  square  back  to  center  directly  by  a 
movement  which  is  the  vector  sum  of  the  horizontal  and  vertical  components.  The  right  stick  provided  similar  con¬ 
trol  over  the  spot  within  the  right  square.  The  subject’s  forearms' were  supporred  by  armrests  while  tracking. 

"In  a  remote  room,  an  EASE  (Electronic  Analogue  Simulating  Equipment)  computer  was  used  to  simulate 
the  control  system  which  included  the  three  cascaded  integrators  in  each  channel  (horizontal  and  vertical  for  Imrh 
sticks ).  The  experimenter  sat  in  this  room  to  observe  and  record  the  subject's  performance  on  two  cathode-ray  mon¬ 
itoring  scopes. 

"Four  experimental  conditions  were  used.  The  conditions  may  be  described  as  follows: 

Condition  A.  Simulated  system  output  is  presented  directly  to  the  subject  who  operates  in  one  channel.  Only  the 

spot  in  tin:  left  suurnc  mo.es  and  this  unly  in  the  horizontal  direction.  It  is  controlled  by  left-right  movements 
of  the  left  joystick. 

Condition  B.  Again,  unmodified  system  output  is  presented  directly  to  the  subject,  but  in  this  condition  he  operates 
m  two  channels.  Movement  of  the  left  spot,  both  horizontal  and  vertical,  is  controlled  respectively  by  left- 
right  and  back-anu-foiih  movement  of  die  left  joystick. 

Condition  C.  The  subject  again  operates  in  two  channels  with  sysrem  output  presented  directly.  The  left  spot  is 
free  to  move  only  horizontally  and  the  right  spot  only  vertically.  I  eft-right  movement  of  the  left  joystick  con¬ 
trols  the  left  spot,  while  buck-and-forch  movement  of  the  right  joystick. moves  the  right  spot. 

Condition  D.  In  this  condition  ail  four  channels  are  in  operation.  The  system  output  is  not  presented  directly, 
hut  instead  the  display  had  the  lead  terms  added.  In  each  channel  the  position  of  the  spot  is  a  function, 
not  of  system  output  alone,  but  of  output  plus  terms  obtained  free-  jcyx'ick  displacement  and  from  cacb 
of  the  intermediate  integrators. 
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"The  subject's  task  was  to  hold  system  output  at  its  initial  value.  Noise  in  the  system  and  slight 
initial  displacements  of  the  control  stick  from  center  earned  the  spot  to  drift-out -of  the  field  in  5  to  15  seconds 
if  the  operator  did  not  attempt  to  hold  it."  [These  two  inputs  wete  the  only  forcing  function  sources.] 

"The  subject  was.  instructed  to  manipulate  the  stick  (or  sticks)  so  as-co  keep  the  spot(a)  within  the  . 
square(s)  on  the  cathode-ray-tube  face.  A  time-on-target  score  was  used  as  the  index  of  performance.  The  experi¬ 
menter  selected  the  appropriate  condition  and  told  the  subject  which  task  he  was  to  perform.  The  experimenter  - 
signalled  to  the  subject  that  the  computer  switch  was  closed,  and  starred  a  stopwatch.  The  subject  tracked  until 
cither  (a)  a  spot  drifted  outside  the  boundaries  of  the  square,  or  (b)  two  minutes  of  time  elapsed.  The  subject's 
score  was  taken  as  the  number  of  seconds  that  the  spot  was  held  within  the  prescribed  squate(s).” 

The  results  show  that  a  majority  of  the  subjects  were  able  to  perform  the  task  perfectly  with  added  lead 
terms.  Without  the  added  lead  terms  these  sumc  subjects  were  oever  able  to  control  the  dot  in  two  dimensions, 
though  some  of  the  subjects  learned,  over  a  period  of  time,  to  exert  sufficient  control  of  the  dot  in  one  coordinate 
to  materially  increase  their  score. 

This  --p— i*  indicate*  the  general  effect  of  allowing  the  operator  to  function  as  a  simple  amplifier 
and  pure  time  delay  (though  whether  he  actually  did  so  or  not  U  not  know,,,  since  describing  functions  were  mil 
measured).  As  such,  it  adds  to  that  considerable  body  of  data  taken  on  specific  tracking,  fire  control,  flight  control 
systems,  etc.  where  "aided  tracking”,  "quickening”,  "null  steering",  "zero  readme",  etc.  terms,  (similar  to  rhe 
lead  tcima  introduced  here)  added  Considerably  tc  the  precision  of  control.  These  experiments  are  all  consistent 
with  the  Tayloc-Birmirtgltam  hypothesis  advanced  earlier  in  this  section  thut  the  operator  should  be  allowed  to  op¬ 
erate  with  a  transfer  function  Kc'T‘. 

Now  that  we  have  summarized  the  Taylnr-Birmingham  approach  to  the  "preferred”  operator  characteristic 
problem  it  becomes  appropriate  to  discuss  possible  mudiliCatitaiS  in  the  light  of  the  data  reviewed  and  piceeulid  in 
this  icpoii. 

First,  with  regard  to  the  "optimum"  operator  form,  it  appears  that  some  modification  may  be  desirable. 
There  is  little  question  that  the  requited  presence  of  lead  terms  in  thr  operator  transfer  chc.tacteristic  is  connected 
with  an  increase  in  the  remnant,  and  hence  decreases  the  tracking  precision.  Direct  evidence  on  this  score  is  avail¬ 
able  fror,  the  Franklin  and  Russell  data.  To  some  extent,  the  Goodyear  stationary  simulator  results  also  corroborate 
this  statement,  since  or  those  tests  the  indifference  threshold  characteristic  was  associated  with  the  presence  of 
the  lead  term  in  the  operator.  Based  upon  all  of  these  data,  then,  we  can  conclude  that  the  "preferred"  operator 
form  should  contain  no  lead  equalization. 

In  the  general  case  with  finite  bandwidth  forcing  functions,  the  need  to  do  away  with  a  iow  frequency 
operator  lag  appears  questionable.  For  example,  in  Pb-.ccil’s  data  with  variable  controlled  elements,  he  showed 
that  the  very  best  performance,  ir.  terms  of  rms  tracking  error,  in  ail  His  tests  occurred  when  a  fitter  having  a  trans¬ 
fer  function  of  l/(Ts  + 1)  was  inserted  in  the  postfilter  location  (to  smooth  the  high  frequencies  of  the  remnant  power), 
and  then  a  lead-lag  of  (T.v  +  1  )/(T.s  +  10)  in  the  prefilter  position  to  cancel  out  the  lag  introduced  by  the  posefilter. 

The  net  controlled  element  transfer  function,  for  a  T  =  .5  seconds,  was  V,=  l/(.05s  i  1).  This  controlled  element 
transfer  characteristic  was  shown  in  other  tests  to  be  effectively  that  of  a  simple  tracker.  The  human  transfer 
characteristic  which  existed  with  this  controlled  element  configuration  is  best  approximated  by  Yp  =  fCpc',*/t7]-  +  1),* 
and  the  mean  square  error  was  reduced  about  a  factor  of  two  below  that  of  the  simple  tracker.  In  addition  to  these 
data,  Russell  also  showed  that  insertion  of  a  lag  in  the  controlled  element  characteristic  (to  effectively  "replace" 
the  operator's  lag  7}),  with  or  without  a  lead  in  the  controlled  element,  resulted  in  more  output  noise  power  than  was 
the  case  with  =  1.  From  these  data  we  are  led  to  suggest: 


*  The  fouu  lot  Yp  which  «  have  apeeftied  is  the  simplest  reasonable  form.  Wete  we  to  strive  for  a 


choose  either  Equation  (V-40):  K  = 


fie'T>{aT[n- 1) 


or  Equation  (V-42):  Yp  —■ 


KfT‘(TLs+l) 


(7>s;  l)  . <7)s+lXV+l)' 

a  matter  of  taste  (ace  footnote  to  the  discussion  following  Equation  (V  40)  in  Section  V),  and  the 
strongly  supported  by  the  data. 


more  general  form  we  would 
In  moot  cases,  the  choice  is 
presence  of  lead  terms  is  not 
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(DA  low  frequency  operator  lag  term  is  desirable,  at  least  when  a  forcing  function  is  present,  Further, 

interpreted  in  terms  of  "effective"  desirable  controlled  element  characteristics,  the  above  data  also _ 

support  the  premise  that: 

(2)  The  overall  conttolled  element  transfer  characteristic  should  appear  tube  somewhere. between 


1  ±= 


V{  * 


1 

0.05s +  1 


(X-4) 


(3)  The  postfilter  can  be  made  effective  as  a  filter  to  attenuate  high  frequency  remnant  power.  This 
will  probably  be  most  effective  in  those  instances  where  a  dither  signal  is  an  important  aspect  of  the 
remnant. 


The  above  suggested  modifications  to  the  "simple  amplifier”  preferred  form  is  a  relatively  minor  change. 
On  the  other  hand  it  should  be  stated  that  consideration  of  forcing  function  effects  on  the  remnant  can  result  in  much 
more  important  modifications.  Much  of  the  background  for  the  Taylor-Biimingham  thea  is  was  based  upon  forcing 
functions  which  were  cither  non-existent  or  composed  of  extremely  low  frequency  components.  We  can,  however,  con¬ 
sider  rhe  modifications  imposed  upon  the  preferred  modei  by  higher  frequency  forcing  functions  by  the  following  rea¬ 
soning: 


(D  The  modified  preferred  operator  model  should  be  of  the  form  Ke~T“/{Tjs  + 1);  or  alternatively,  the  ef¬ 
fective  controlled  element  should  be  essentially  a  perfect  tracker. 

(2)  Under  these  conditions,  we  can  tcsoit  directly  to  Flkind’s  data  to  find  the  effects  of  forcing  function. 

Following  these  points  through,  we  can  see  from  Figure  30  that  it  is  desirable  to  have  as  low  a  bandwidth  forcing 
function  as  possible,  ami  further  that  the  mis  error  expected  will  he  approximately  proportional  to  the  square  of  the 
effective  forcing  function  bandwidth,  If  we  would  prefer  to  establish  "good"  low  frequency  system  response  to  the 
forcing  function  as  a  criteria,  i.e.  high  dc  gain,  we  would  like  to  restrict  the  forcing  function  bandwidth  to  some 
value  somewhat  less  than  that  equivalent  to  a  rectangular  forcing  function  spectra  cutoff  oi  0.64  cps.  (This  is  based, 
of  course,  upon  rhe  somewhat  arbitrary  criterion  that  a  dc  gain  of  15  db  or  so  yields  "good”  low  frequency  response 
of  a  system  having  the  overnll  open-loop  transfer  function  Ke*TV(7js  +  l).l  In  any  event,  by  accepting  the  above  modi¬ 
fications  to  the  preferred  form,  one  can  use  Elkind’s  data  directly  to  get  a  firm  notion  of  the  best  expected  system 
performance. 

With  regard  to  the  rest  of  the  Blrmingham-Taylor  design  procedure,  it  can  be  considered  to  be  generally 
valid  if  the  above  preferred  form  and  forcing  function  comments  are  inserted,  ibis  leads  us  to  the  fallowing  ••’g- 
gested  design  procedure: 

1.  .'.djusr*  the  effective  controlled  element  transfer  function  to  that  of  a  simple  tracker,  i.e.  within 
the  limits  (exclusive  of  gains): 


1 


y  *  — 


0.03  s  + 1 


(X-4) 


e.  In  this  adjustment  due  care  should  be  taken  to  filter  as  much  of  rhe  operator  high  fre¬ 
quency  remnant  power  as  is  possible  in  the  circumstances. 

b.  The  arrangement  of  equalizing  elements,  etc.  used  in  modifying  the  initial  controlled 
element  io  that  of  the  form  above  should  be  such  that  the  operator  input  bandwidth  is  a# 

small  as  practicable. 


•  The  term  ’  adjustment"  as  used  here  means  the  addition  of  equalizing  device*  into  the  aysrem  in  such  a  way  as  to  make  the 
effective  controlled  element  the  form  shown  above.  These  equalizing  means  caa  consist  of  series  or  parallel  compensating 
networks,  additional  loop  closures,  etc.  These  are  *11  straightforward  servo  techniques,  and  aeed  not  be  discussed  here. 
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2.  The  human  transfer  characteristic  will  then  be  of  the  approximate  fotiu! 


Ti}s  +  l)(T*a  i  1) 


a.  When  the  actual  system  forcing  function  is  put  into  the  form.cf  an  "effective'-^forclng-  --  - 
function  operating  on  a  simple  tracker  system  (which  can  be. done. with  the. aid  of  a.  little, 
block  diagram  algebra),  then  the  "effective"  forcing  function  spectra  can  be  found.  Using 
Elkind's  data  as  approximations  to  this  forcing  function,  upper  bound  estimates  for  Kf  and 
1/7}  cnn  be  made  from  the  forcing  function  spectral  characteristics. 


b.  The  remnant  characteristics  can  also  be  estimated  using  either  of  the  rcimant  models 
previously  fitted  to  Elkind’s  data  to  obtain  lower  limits  for  the  remnant  power. 


3.  Using  these  items  nf  information,  the  system  performance  can  be  estimated  in  detail  by  normal  servo 
methods.  The  quantities  obtained  will  always  be  optimistic  since  the  basic  (Elkind)  -perator  data  used 
in  the  analysis  is  probably  an  upper  limit  of  human  performance. 

The  approach  outlined  above  is  our  best  estimate  of  ptefeired  operator  forms  extended  to  a  rational  design 
procedure.  It  would  not  be  realistic,  however,  to  assert  that  the  procedure  should  be  used  indiscriminately.  There 
are  several  possible  pitfalls  that  should  be  mentioned.  The  first,  and  most  obvious  one,  is  that  of  application  to 
areas  beyond  those  where  the  fundamental  assumptions  used  in  the  derivation  of  the  model  are  valid.  For  example, 
the  system  should  be  one  where  the  operator  is  continuously  tracking  only  visual  inputs  on  his  display,  and  other 
inputs  (including  those  effectively  "set"  into  the  operator  by  post  experience),  must  be  negligible.  The  second  pit* 
fall  is  commonly  encountered  in  servo  practice,  and  involves  the  problem  of  system  reliability  and  r .vet-complication. 

m  example  consider  the  case  of  u  human  pilct-airframr  system,  where,  of  course,  inputs  "set"  into  rh<-  operator 
are  not  negligible  in  general,  although  we  may  disregard  them  in  special  instances.  The  effective  controlled  element 
transfet  function,  i.e.,  the  equivalent  ttitfta.r.;,  can  be  put,  at  least  approximately,  into  the  form  where  H  --  1.  Tills 
could  he  done  by  judicious  design  of  artificial  feel  systems,  stability  augmenters,  and  compensation  of  various  sons 
in  a  display.  Presumably  everything  would  be  satisfactory  and  a  relatively  naive  operator  muld  "fly"  tliw  aircraft 
quite  well.  However,  the  instant  some  element  of  the  system  fails,  all  beta  ate  off,  — the  effective  controlled  ele¬ 
ment  is  no  longer  approximately  free  of  dynamics,  and  the  possible  overall  effects  could  be  cniastropic.  On  this 
same  point,  we  should  further  note  that  the  application  of  this  design  procedure  can  often  result  in  an  overdesigned 
system.  An  important  matter  of  judgment  is  the  ability  to  recognize  when  a  control  system  is  good  ent.i.,  1. 
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Svetlan  XI 

COMPARISON  OF  COMPENSATORY  AHP  PURSUIT  TRACKING 


A.  INTRODUCTION 


In  the  body  of  thia  report  we  have  limited  out  discussion  almost  exclusively  to  compensatory- tracking. 
The  reasons  for  this  are:  firstly,  most  manual  control  devices  of  practical  importance  embody  a  compensatory  dis¬ 
play;  secondly,  most  previous  research  concentrated  on  compensatory  displays;  thirdly,  it  is  extremely  difficult  to 
measure  open  loop  describing  functions  in  pursuit  tracking,  and  this  has  not  yet  been  done. 


In  Section  1  we  presented  a  discussion  of  pursuit  and  compensatory  trading.  As  can  be  noted  by  refer¬ 
ring  to  the  block  diagrams  in  Figures  3a  and  b,  the  basic  difference  between  pursuit  and  compensatory  tracking 
(in  the  framework  of  a  linear  model),  is  that  the  operator  generates  one  describing  function,  Yf,  which  operates  on 
E(s)  in  the  case  of  a  compensatory  display;  and  two  describing  functions,  Yfi ,  which  operates  in  f(s),  and  V^,  which 
operates  on  fc'(s),  for  the  pursuit  display.  This  additional  describing  function  provides  the  operator  with  the  oppor¬ 
tunity  to  improve  his  adaptive  and  optimalizing  behavior.  Equations  (M)  and  (1-2),  which  are  repeated  here  [as 
(Xl'l)  describing  compensatory  tracking  and  (XJ-2)  for  pursuit  tracking],  indicate  how  both  C(s)  and  E(s)  may  be 
modified  by  the  availability  of  two  describing  functions  instead  of  just  one. 


C(s) 

e(«) 


Gts) 

£(s) 


YpUWU)f  iV((s) 
i  +  v,(s)ye(s)  ' 

lU)-Y'U)Nt(S) 

T+  y„u)Y'(s) 

[ypi(s)^Vp((v)]|(.v)+  N.(0 

T+Y*(s)YeU) 

[1-  VwU)VcU)]/(s)-  Y'fs)  Ne(s) 

I7y7)n<I) 


(XM) 


(XI-2) 


B.  COMPENSATORY  VERSUS  PURSUIT  TRACKING  WITHOUT  HUMAN  DYNAMICS  MEASUREMENTS 

The  possibilities  implicit  in  Equation  (XI-2)  have  been  sensed  on  a  more  intuitive  level  by  Poulton, 
Senders  and  Cni/en,  Chernikoff  et  al. ,  and  others,  and  many  experiments  using  various  forms  of  average  error  cri¬ 
teria  were  performed  [17,  18,  19,63,64,  72l.  Poulton  demonstrated  [64]  that  the  tracking  of  a  compensatory  display 
error  alone  could  be  improved  tonsiderably  by  adding  a  pointer  driven  by  i(t),  the  forcing  function  input.  The  addi¬ 
tion  of  a  pointer  driven  by  c(t),  the  operator’s  output,  had  no  significant  effect.  Senders  and  Cruzcn  [72]  conducted 
an  ingenious  experiment  to  compare  pursuit  and  compensatory  tracking  as  well  as  contrived  combinations  of  the  two. 
Pursuit  tracking  was  always  better,  and  the  reason  given  was  that  the  display  provided  more  information  on  which 
the  operator  could  base  predictive  actions.  This  is,  of  course,  a  verbal  statement  of  the  meaning  of  Fig. 3f>,  and 
Equation  (Xl-2).  A  series  of  recent  reports  by  the  engineering  psychologists  of  the  Naval  Research  Laboratory  has 
been  devoted  to  comparisons  of  pursuit  and  compensate-;/  trucking  for  problems  with  and  without  dynamics,  with 
different  types  of  aiding,  and  with  different  course  frequencies.  Almost  invariably  pursuit  displays  have  been 
associated  with  lower  tracking  errors.  An  interesting  exception  is  presented  in  [82]  for  a  course  composed  of  three 
sine  waves  of  frequencies  approximately  0.28,  0.47,  and  0,70  rndians/second,  and  whose  respective  amplitudes  were 
inversely  proportional  to  these  frequencies.  The  manual  control  was  a  flexible  steel  bar  and  the  control  element 
dynamics  could  assume  one  of  the  following  forms: 

(a)  Yc  = 

(W  n  = 

w  - 


0.5  t  .-! 
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The  pursuit  display  resulted!  in  less  error  for  Yc  =  1,  but  the  compensatory  display  was  more  accurate 
for  Yc  =  l4  and  for  Ye~  (O.Js  +  l)/s.,Tbt  essential  reason  advanced  byChemikoffet  al.  in  Reference  1?  far:  flit; 
superiority  of  compensatory  tracSog  ..njwwrlfc  arauacd  values.  f b)' ajifl: fellas  tliaV  &feilhjit^u^flM-gf^l^ygliaa  ; 
dynamics  made  the  task  so  simple  that  Sr  subject  needed  no  more  informatipa  thanjanproyided  by  the-eridrrsiB* 
nal  alone.  The  additional  Infnrmarton  ln»  the  pursuit  display  was  deemed  gratuitous,  emd,  in  f act,  de  tJumentaIffi(^Hc  .  .  : 
operator's  performance#  Jt  is  difficult  lar  us  to  assess  this  situation-in  terms  of  the  rDodeU  esiavetUiK?this  teportS;;--?;^- 
since  we  do  not  have  measures  of  either  describing  functions  or  error  spectra  for  the  NRL  data  presented  in  Refer¬ 
ence  19.  Cherhikoff  et  a!,  make  the  pnecedural  point  that  many  pursuit  vs.  compensatory  tracking  comparisons  are  -  - 
not  adequate  since  rarely  are  both  displays  used  in  an  optimum  fashion.  Since,  from  a  practical  viewpoint,  the 
compensatory  display  allows  a  greater eerror  magnification  for  a  display  of  given  physical  dimensions,  and  the  pur* 
suit  display  has  the  advantages  inherent:  in  £q,  (XI- 2),  it  appeais  that  tracking  displays,  cither  presently  or  in  the 
near  future,  will  emphasise  on  empirical  mixrsere  of  compensatory  and  pursuit  components.  This  is  much  as  Poulton 
implied  and  Senders  and  Cruzen  achieve-  d. 

C.  COMPENSATORY  VERSUS  PURSUIT  TRACKING  WITH  MEASURED  HUMAN  DYNAMICS 

The  only  data  on  the  contjwrwison  of  compensatory  and  pursuit  tracking  from  the  viewpoint  of  human 
dynamics  were  obtained  by  Elkind  [23).  The  experiments  of  Elkind  described  in  Sections  V  anu  Vll  were,  save  for 
one  minor  example,  carried  out  for  puna  lit  a.-s  well  as  for  compensatory  tracking.  It  is  not  our  purpose  to  present 
Elkind' s  pursuit  data  in  the  same  -ietail  as  the  data  for  compensatory  tracking.  We  will  attempt  to  point  up  similar¬ 
ities  md  contrasts,  and  leave  ir  to  the  r-eader  to  refer  to  the  original  source  for  further  detail.  Since  the  open  loop 
pursuit  system  describing  function  woulod  ha  ve  been  obtainable  only  after  great  difficulty,  only  closed  loop  functions 
are  available. 

In  .Section  Vii  wc  i Ji/imnrireed  hilkind's  findings  on  the  variability  of  the  closed  loop  describing  function, 

/!(/),  and  relative  and  Since  (Uacte  was  c-.->.sc-titi.dl>  ..u  difference  in  the  conclusion.,  of  the  variability  study 

for  compensate! v  tracking  from  the  cor.c.iusions  tor  pursuit  tracking,  the  discussion  in  section  Vil  need  not  be  ex¬ 
tended  ill  this  section. 

In  Section  V  vie  presented!  he  general  experimental  results  for  Elkind's  experiments:  II  -  Amplitude, 

III -Bandwidth,  and  IV -Shape.  The  piairsuit  tracking  parallels  for  these  experiments  were  procedurally  identical 
except  that  the  pursuit  display  enabled :  the  subjects  to  track  a  4.0  cps  cutoff  rectangular  spectrum  which  was  im¬ 
possible  with  a  compensatory  display.  We  will  discuss  these  experiments  in  order. 


[i 

j y) 


3 
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Experiment  II  —  Amplitude 

In  Figure  148  mean  closed  loop  describing  functions  for  each  of  the  three  tins  amplitudes  0.1 1  0.32uod 
1.0  inches  rms  ate  shown.  This  figure  is  the  comparison  plecre  to  Figure'  28.'  Several  differencts^ffic. ohsiGHS? ?Xht  . 
phase  lag  for  the  pursuit  tracking  is  much  less  than  for  compensatory  tracking^  and  the  magnitude  oL/fC/l^ncreajics 
sharply  with  frequency  in  the  pursuit  case  as  against  a  "mild  increasefdrcorapensaVory'tTacking.  Thesetwo  obser-  - 
vatiuns  indicate  that  the  human  operator  is  acting  as  a  predictor,  and  this  behavior  characterizes  pursuit  .tracking. 
Also,  the  extent  of  the  invariance  of  the  closed  loop  describing  function  H{f)  wit'.i  input  amplitude  is  not  as  great 
for  pursuit  tracking  as  it  was  for  compensatory  tracking.  For  pursuit,  we  ate  limited  to  a  measured  10  db  range 
from  0.3  to  1.0  inches  rms,  as  compared  to  the  measured  range  of  20  db  for  compensatory  tracking.  1  here  is  reason 
to  believe  that  these  taoges  may  be  extended  on  the  high  end.  A  perceptual  problem  in  extracting  the  derivative  of 
j(f)  f  jr  very  small  amplitudes  may  be  at  the  root  of  this.  We  cannot  blame  a  manipulatory  response  for  the  difference 
in  the  response  to  the  0.1  inches  rms  amplitude  input  since  the  manual  tracking  responses  for  compensatory  and 
pursuit  arc  the  same. 
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Experiment  III  — -  Bandwidth 

Tbf  sc  result?  (see  Section  V  and  Reference  23)  ajy  be  summarized  as  follows.  Figure  149  p'reaejtH,  ■ 
a  comparison  pf  compensatory  and  pursuit  trackingcl^sedlgpp  describing  junction?  for  Jtec^jmAittipecfyTfeBflyfe'  1 ... 
functions  uf  cutoff  frequencies  from  0. 16  to  6.96  cps,  Figute  150  presents  a  similar  ectnpajison  Am  c ntoff  frcqpsn; 
ciesfrom  0.96  to  2.4  cps  in  compensatory  tracking,  while  in  pjri’iut  trackinj}.tiisi®ijer^djgsa;pjjihfia-t»i4fi  tpJt 
by  the  subjects.  As  was  noted  before,  the  pursuit  describing  functions  indicate  the  presence  of  a  lead  term  in  the 
tracker’s  output. 


~o~  R.16  R.24  —A— 


a.  Compensatory. 


Figure  149.  Comparison  of  Closed-Loop  Describing  Functions  for  Dszdwidth  hxperio.cut. 

(Re/erawce  23,  Figures  4-7  a,  b  and  4-9  a.b. ) 

ii  | 
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Figure  ISO.  Comparison  of  Closed-Loop  Describing  Functions  for  Bandwidth  Experiment. 
(Reference  23,  Figures  f-Sa,b  anri  4- 10  a.b.) 
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Experiment  IV  —  Shape 

The  describing  function  obtained  with  the  set  of  RC  filtered  -teput  spectra,  and  the  rectangular  spetni^ 
(see  Figure  27)  are  presented  ia  Figure  151.  The  differences  between  the  describing  ftiftc^gp  for  the  two  dtsj>|»)rs; 
are  in  the  same  direction  aa  we  might  expect  after  seeing  the  previous  data.  Similarly  ap  examination  of^e^eeied 
band  and  band  reject  spectra  demonstrates  the  lower  phase  lag,  and  greated  closed  looprgain.-bfjfitpujsiUSiap^iXj 
The  most  striking  demonstration  of  the  prediction  ability  of  the  human  operator  is  obtained  with  th^bandpass  in¬ 
puts,  B-7  through  B-10.  As  Hlkind  notes,  bandpass  random  signals  closely  resemble  a  carrier  modulated  in  both 
amplitude  and  phase  by  random  noise.  In  pursuit  tracking  the  human  operator  can  extract  this  carrier  from  the  input, 
as  it  were,  and  synchronize  his  response  with  it.  The  compensatory  display  does  not  allow  such  predictive  ability. 
Figure  152  illustrates  this  effect. 


--o—  FI  F2  -ft-  F3  F4 


MC<WtMC*M*l  Mr*Ut*CT  UHl 


a.  Compensatory.  b.  Pursuit. 

Figure  151.  Comparison  oi  Closed-Loop  Describing  Functions  for  Shape  Experiment. 
(Refer sice  2),  Figures  4-l3a,b  and  4-14  a,b.) 
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tftCJUUNCt  lt#« 


mcouf  mc«  (tpai 


u .  Compensatory. 


Vt  Pursuit. 


Figure  152.  Comparison  of  ClosedLoop  Describing  Functions  for  Shape  Experiment,  Selected  Bands. 
{Reference  23,  Figures  4-l9a,b  and  4-22  a,b. ) 
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Linear  Correlations  and  Error  Spectra 

Save  for  an  exception  in  Experiment  HI  for  input  R2,4,  the  error  spectra  for  pursuit  Hacking  had  lower 
values  than  the  cones  ponding  spectra  for  compensatory  systems.  The  linear  correlation  squared,  was  somewhat 
smoother  and  higher  for  the  pursuit  system  than  for  the  compensatory  system  but  there  were  no  striking  differences; 

in  Experiment- II  the  0.1  inches  rms  amplitude  run  of  Figure  153  was  evidently  different  from  jhe  other 
inputs  in  the  experiment.  Figure  154,  a  comparison  piece  to  Figure  52,  illustrates  the  deterioration  in  p1  as  the 
task  difficulty  increases. 


-o-  A 1  (1.0*  rms) 
A2  (0.32*  rms) 
-O-  A3  (0.1*  nm) 


Figure  153.  Linear  Cw.cl.moa  Squared  tor  Study  of  an  Input  Amplitude. 
(Reference  2),  Figure  4-6  c.) 


"ftCOUCMCT 


Figure  154.  Linear  Correlation  Squared  for  Study  of  Band  widths. 

( Reference  23.  Figures  4-3 c  anti  4- 10c.) 
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Medela 


As  can  be  seen  from  Equation  {XI* 2)  and  Figure  3a.  the  extraction  of  YH  and  VP(  is  an  experimental 
problem.  Elkind  suggests  (he  following  technique,  but  understandably  he  did  not  catty  It  out.  The  method  suggested 
is  to  add  to  <(t)  a  second  noise  input  ij (t)  which  ia  statistically  independent  of  i(t),  having  •  spectrum. aimilaf  to 
<t>gf(£j)I  and  a  small  amplitude.  Presumably ,  this  additional  input  signal  'would  not  change  the  operator's  pursuit  ' 
(tacking  characteristics.  Using  Equation  <111-5 2),  measuring  the  power  spectrum  i>Ut,  and  <!>,,(■,  it  would  be  possible 
to  obtain  Yfl.  From  Yp<  and  the  closed  loop  describing  function  H(u >),  obtained  from  (XI-2), 


WU) 


it  would  be  possible  to  compute  Yfl 


(Xl*3> 


Elkind  has  associated  a  prediction  element  with  V|>1  and  in  his  notation  f\G, ■>  Yr< ,  and  Pw'j  =  Vp<  (see 
Figure  1$},  which  is  equivalent  to  Figure  3b).  He  then  proceeded  to  construct  a  reasonable  G,  from  step  responses, 
using  the  lug,  r,  measured  in  compensatory  tracking.  G,  then  was  approximated  by  thi  ’  '  scribing  function 

of  the  compensatory  system.  Using  a  minimum  mean  square  error  criterion  and  the  fol'-— ***••-— *ious: 

(a)  the  human  operator  makes  use  of  only  input  displacement  and  velocity  to 
predict  the  input; 

(b)  the  human  operator  does  not  consider  his  own  noise  when  establishing  an 
optimum  P<  j 

(e)  Gj  can  be  neglected  when  computing  P, . 

Elkind  was  able  to  approximate  P,  by  P,{f)  -  f>,+  b,{2njf),  which  only  applies  to  low  frequencies. 


Figure  155.  Pursuit  T rocking  Configuration  with  Unity  Controlled  Element  Dynamics. 
( Reference  23,  Figure  3-10.) 
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Within  the  limits  of  these  assumptions,  !,e.,  in  particular  a  simple  tracking  task,  and  Cj  o* 0,  the  equa¬ 
tion  of  P.-Cij  to  H  produces  a  good  fit  for  the  RC  filtered  input,  F,.  Considering  the  tenuoun  assumptions,  the  other 
fits  wete  surprisingly  good.  Usually,  the  prediction  demonstrated  by  the  human  operator  falls  short  0/  the  mean 
square  optimum;  and  it  is  postulated  that  noise  in  the  visual  process  causes  this  degradation.  Since  there  arr  no 
direct  measurements  of  the  describing  function  associated  with  pursuit  tracking,  further  elaboration  is  tenuous  at- 
this  time.  . 

Our  summary  statement  on  pursuit  tracking  could  be  no  more  than  a  repetition  of  rhe  Eikind  results 
which  clearly  demonstrate  the  advantages,  and  limits,  of  the  human  operator’s  predictive  abilities,  the  resulting 
phase  response,  and  the  attendant  overall  improvement  in  performance. 
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